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Abstract 
Glyoxal  ase 1 (S-l ac toy l  g l  u t a t h i  one methyl g l  yoxal l yase, EC 
4.4.1.5) f rom Escherichio col i was overexpressed u s i  ng DF50Z/pDM7 and a  
p u r i f i c a t i o n  scheme developed t o  a l l o w  p u r i f i c a t i o n  o f  t h e  enzyme t o  
near homogeneity. The enzyme f rom t h i s  source was found t o  be 
hornodimeric w i t h  a rnolecular weight  o f  approx imate ly  30 kDa. The pH 
optimum was d e t e n i n e d  t o  be g r e a t e r  than pH 8.0. Pre l  im ina ry  
experiments have i n d i c a t e d  an i s o e l e c t r i c  p o i n t  f o r  t h i s  enzyme t o  be 
between pH 4.15-5.0. Meta1 -chel a t i o n  s t u d i  es i n d i  cate t h a t  t h e  r a t e  o f  
1  oss o f  enzyme a c t i  v i  t y  i s buffer-dependent . Attempts t o  i d e n t i  f y  meta l  
i o n s  capable o f  a c t i v a t i n g  E. coli g lyoxa lase  1 i n d i c a t e d  t h a t  ~i'' most 
e f f e c t i v e l y  a c t i v a t e d  t h e  enzyme fo l l owed  by ~n*' ,  CO', caZ+ and ~g*'. 
S u r p r i s i n g l y ,  z inc  was found n o t  t o  i nc rease  the a c t i v i t y  o f  t h e  enzyme 
i n  c o n t r a s t  t o  what has been observed f o r  severa l  o the r  g lyoxa lase 1 
enzymes. Amino ac id  m o d i f i c a t i o n  s tud ies  showed t h a t  a s p a r t i c  a c i d  
and/or g lu tamic  ac id  may be c r u c i a l  f o r  c a t a l y t i c  a c t i v i t y  or  s u b s t r a t e  
b ind ing.  The Y, and V,, f o r  t h e  hemimercaptal f o r  methy lg lyoxa l  and 
g l u t a t h i o n e  was found t o  be 69 pM and 0.753 pmol/min, r e s p e c t i v e l y .  The 
enzyme was found t o  be unstab le  i n  several  b u f f e r  systems but t h e  
presence o f  g l yce ro l  aided s t a b i l  i z a t i o n  o f  g lyoxa lase 1. 
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A number of investigators have speculated on the possible role(s) 
of the ubiquitous glyoxalase system and i t  i s  currently bel ieved that 
the two enzymes (glyoxalase 1 and glyoxalase I I )  work i n  tandem t o  
transform cytotoxi c or-ketoal dehydes t o  noncytotoxi c a-hydroxycarboxyl i c 
acids (Racket-, 1951) (Figure 1). Glyoxal ase I (S-D-1 actoyl gl utathi one 
methylglyoxal lyase (isomerising), EC 4.4.1.5). the f i r s t  enzyme of t h e  
system, serves t o  transform nonenzymati cal 1 y formed hemimercaptal s of 
gl utathione and a-ketoaldehydes into thioesters  whi le  glyoxal ase I I  (S- 
2-hydroxyacyl gl utathione hydrol ase, EC 3.1 2.6) serves t o  hydrol yze 
these th ioes ters  into a-hydroxycarboxylic acids w i t h  the subsequent 
resul t t h a t  gl utathione i s  regenerated (Uoti 1 a ,  1973). To bet ter  
comprehend why Nature requires the glyoxalase enzymes, a discourse of 
the biosynthesi s and catabol ism of a-ketoal dehydes (wi t h  emphasi s on 
rnethylglyoxal production) as well as the enzymes involved in these 
processes i s  presented. 
2 
1. Methylgl yoxal : B i  osynthesi s and Catabol i srn 
Methyl g lyoxa l  (2-oxopropanal , pyruval  dehyde, MG) i s an a l  i phat i  c 
a-ketoaldehyde t h a t  i n h i b i t s  ce11 growth a t  approxirnately 0.4 MM and i s  
c y t o s t a t i c  a t  h igher  concentrat ions (Szent-Gyorgi and Egyund, 1967; 
French and Freedl ander, 1958) . 
Methylglyoxal 





Figure 1. The g lyoxa l  ase system. 
3 
The i n t e r a c t i o n  o f  b i  omol ecul es w i  t h  rnethyl g l yoxa l  woul d appear t o  be 
ra the r  nonspeci f i c  as mi tochondr ia l  enzyme a c t i  v i  t i e s  (Canuto e t  a l .  , 
1985). pl asma membrane adenyl a t e  cyc l  ase a c t i  v i  t y  (Paradi n i  e t  0 2 .  , 
1985) and put resc ine-act i  vated S-adenosylmethi on i  ne decarboxyl ase 
a c t i v i t y  (Pegg, 1973) are a l  1 a f f ec ted  by t he  presence o f  methy lg lyoxa l  
possi b l y  due t o  mod i f i ca t ion  o f  su l f hyd ry l  groups (Paradini e t  oz., 
1985)). I n h i b i t i o n  o f  p r o t e i n  synthesis by methyl g lyoxal  a t  the t R N A  
l e ve l  poss ib ly  due t o  polysome degradation has a l  so been repor ted (White 
and Rees, 1982). a-Ketoal dehyde t o x i c i t y  i s n o t  1 i m i  t e d  t o  organi  sms 
w i t h  advanced c e l l u l a r  s t ruc tu res  as v i r a l  s t a b i l  i t y  i s  a lso a f f e c t e d  by 
methyl g lyoxa l  t o x i c i  t y  (de Beck e t  0 2 .  . 1957). 
Approximately 60 years ago rnethylglyoxal was bel  ieved t o  have been 
a key intermediate i n  t he  process o f  g l yco l ys i s  i n  p lants,  animals and 
m i  crobes (Dakin and Dudley, 1913; Neuberg, 1913) . This r a t i  onai e was 
j u s t i f i e d  a t  the  t ime due t o  t h e  f a c t  t h a t  an ub iqu i tous enzyme system 
ex i  sted t h a t  converted methylg lyoxal  t o  l a c t i c  ac i d  (Dakin and Dudley, 
1913; Neuberg. 1913). It is now known t h a t  t h i s  i s  due t o  the  g lyoxa lase 
system which produces D- lac ta te  i n  cont rast  t o  L - l ac ta te  which i s  
produced dur ing  g lyco lys is .  Once i t  was detennined t h a t  L - l ac ta te  was i n  
f a c t  being produced and no t  D- lactate,  the r o l e  o f  methylglyoxal i n  
g l y c o l y s i  s was d i  smi ssed (Meyerhof, 1948) . 
CC 
In the e a r l y  l95O's. s t u d i  es on iodoacetate-poi soned Pseudomonas 
socchorophi l a  i nd i  cated t h a t  rnethyl gl yoxal  was be i  ng produced from 
g l  ycera l  dehyde-3-phosphate (G3P) (Entner and Doudoroff, 1952) b u t  as no 
obvious enzymatic r eac t i on  appeared t o  be producing rnethylg lyoxal  from 
g l  ycohydrol y t i  c i ntermediates , f u r t h e r  repor ts  concerni ng methyl g l  yoxal  
and g lyco lys is  d i d  n o t  reappear u n t i l  1964 (Wang e t  OZ. , 1964) and l a t e r  
i n t h e  1970' s (Cooper, 1975) . 
Studies perfonned on a t r iosephosphate i somerase-defi c i e n t  mutant 
s t r a i n  o f  Escherichia coli (E-coli)  demonstrated t h a t  such s t r a i n s  cou ld  
produce d i  hydroxyacetone phosphate (DHAP) from g l  ycero l  (Cooper and 
Anderson, 1970 ; Hopper and Cooper, 1972). However s ince these mutants 
1 acked triosephosphate i somerase (TIM) (EC 5.3.1.1) they cou1 d n o t  
produce G3P. I t  was noted t h a t  methylg lyoxal  could be produced from DHAP 
and i t was establ  ished t h a t  rnethylglyoxal was being formed due t o  t h e  
presence o f  methyl g lyoxa l  synthase (EC 4.2.99.11) (Hopper and Cooper, 
1971 ; Freedberg e t  a l . ,  1971). Methylg lyoxal  synthase has been found i n  
r a t  and goat 1 i v e r  (Sato e t  a l .  , 1980; Ray and Ray, 1981) bu t  t h i s  
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Figure 2. Enzymati c synthesi s o f  methyl glyoxal . 
2. Methylglyoxal Bypass o f  Glycolysis 
A number o f  bac te r ia l  systems a re  known t o  possess g lyoxa l  ase 
a c t i v i  t i e s  (Neuberg and Gorr. 1925; Widmann, 1929; S t i  Il , 1941) as we l l  
as 0- and L - l ac ta te  dehydrogenases (EC 1.1.2.4 and EC 1.1.2.3. 
r espec t i ve l y )  t h a t  are capable o f  forming pyruvate from l a c t a t e  ( ~ l  i n e  
and Mahl er. 1965). Formation o f  pyruvate f r o m  methylg lyoxal  as opposed 
t o  format ion o f  pyruvate from phosphorylated 3-carbon in termedia tes  
would cons t i  t u t e  a bypass o f  some o f  t he  g l y c o l y t i c  pathway. I n  E. co l  i 
l a c k i n g  TIM, t h e  conversion of  g l yce ro l  t o  pyruvate may occur  by t h i s  
bypass (Cooper and Anderson. 1970) . Bac te r i  a de f  i c i  en t  i n 
g l y c e r a l  dehyde-3-phosphate dehydrogenase (EC 1.2.1.12). phosphoglycerate 
kinase (EC 2.7.2.3) o r  enolase (EC 4.2.1.11) do not  undergo sustained 
growth on gl ucose o r  g lycero l  i n d i c a t i n g  t h a t  t he  methy lg lyoxa l  bypass 
appears n o t  t o  be a sustainable a l t e r n a t i v e  t o  g l y c o l y s i s  i n  E. c o l  i 
(Anderson and Cooper, 1969; I r a n i  and Mai t ra .  1974; Hi1 Iman and 
Fraenkel . 1975) . 
3 .  Formati on o f  Methyl g l  yoxal 
3.1. Methyl glyoxal Synthase 
I r r e v e r s i  b l e  conversion o f  d i  hydroxyacetone phosphate (DHAP) i n t o  
methyl g l yoxa l  and inorganic phosphate i s  catalyzed by methyl g lyoxa l  
synthase (Figure 2) (Cooper and Anderson, 1970). It i s bel  i eved t h a t  an 
enzyme base abst racts  a proton from C-3 (hydroxymethyl group) o f  DHAP t o  
generate an enediol which then loses phosphate t o  form an en01 aldehyde. 
Tautomeri z a t i o n  o f  the  en01 a l  dehyde then generates methyl g l  yoxal  
(Sumers and Rose, 1975). The mechani sm i s postul  a ted t o  i nvol ve 
s te reospec i f i c  proton abst ract ion o f  the  proJ hydrogen o f  the  
hydroxymethyl group; in t ramolecu lar  t r a n s f e r  o f  the pro-R hydrogen t o  
generate the methyl group was no t  observed (Sumers and Rose, 1975). 
Proton a d d i t i o n  t o  form the methyl group was nonstereospeci f i c  and t h i s  
l e d  t o  the  hypothesis t ha t  an en01 aldehyde (keto form predominates i n  
sol  u t i  on) and no t  enedi 01 phosphate i s t h e  enzyme product  (Sumrners and 
Rose, 1975). 
Methyl g l  yoxal synthase has been i den t i  f i  ed and i so l  a ted from yeast  
(Babel and Hoffman, 1981). bac te r i  a (Hopper and Cooper, 1972; Cooper, 
1974; Tsai and Gracy, 1976) and some mamal s (Sato e t  a l . ,  1980; Ray and 
Ray, 1981). The enzyme from E. coli K-12 s t r a i n  CA244 i s  o f  
approximately 67 kDa i n  molecular weight  w i  t h  pH optimum o f  7.5. The 
enzyme i s speci f i c  f o r  DHAP (Y, = 0.47 mM) (Hopper and Cooper, 1972) . 
3.2. T r i  osephosphate Isomerase 
Formation o f  MG and ino rgan ic  phosphate by a ldo lase and 
tr iosephosphate isomerase i s  known t o  occur i n  mammalian t issues bu t  
apparently does n o t  occur i n  yeast  (Pompl iano e t  al. , 1980; Richards, 
1991). Such format ion i s  bel  ieved t o  i nvo l ve  phosphate e l  i rn inat ion w i  t h  
the  subsequent format ion o f  an a&-unsaturated aldehyde which then 
rap i  d l  y undergoes tautomeri za t i on  t o  methyl g lyoxa l  (Figure 3) .  The 
conversion o f  DHAP t o  methylglyoxal i s  no t  the  pr imary  enzymatic 
reac t ion  cata lyzed by TIM and i s  a t  most a minor s i de  reac t i on  
compri s ing one tu rnover  p e r  m i  11 i o n  ( R i  chards , 1991) . 
J.P. Richard has undertaken an analys is  o f  t he  k i n e t i c  parameters 
f o r  such a conversion f o r  T IM from r a b b i t  muscle and has found t h a t  such 
a process has a c a t a l y t i c  e f f i c i e n c y  o f  on ly  14 M-'.s-' (k,,, = 0.011 s-' 
and K, = 760 PM) bu t  given the  concentrat ions o f  t r i o s e  phosphates 
(4xlC-' M) and TIM ( 1 ~ 1 0 - ~  M) i n  a ce11 i t  would be poss ib l e  t o  generate 
approximately 0.4 rnM methylglyoxal concentrat ions i n  a ce1 1 pe r  24 hour 
per i  od (Richards, 1991) . I f  these ca l  cu l  a t ions  a re  represen ta t i  ve o f  
ce1 l u l a r  processes t h a t  lead t o  rnethylglyoxal format ion then the r o l e  o f  
glyoxalase 1 may be t o  de tox i f y  TIM-produced methylg lyoxal  . 
Dihydroxy acetone phosphate 
a, PUnsaturated alde h yde Glyceraldehyde-3-phosphate 
Methylglyoxal 
F igure  3. Formati on o f  methyl g lyoxa l  f r om t r iosephosphate  i somerase. 
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3.3 Acetol Dehydrogenase 
Methyl g lyoxa l  can be formed f r o m  1-hydroxyacetone (acetol  ) by the  
ac t i on  o f  aceto l  dehydrogenase (EC 1.1.1. -) which u t i l  i zes  NAD* as a 
cosubstrate (Tay1 o r  e t  0 1 .  , 1980). L i t t l e  work has been done on t h i  s 
enzyme from Corynebocterium, S t r a i  n A l  due t o  i t s  i n s t a b i  1 i t y  (cornpl e t e  
i n a c t i v a t i o n  occurs w i t h i n  24 hours when stored as crude ex t rac ts  a t  3 
'C) (Taylor  e t  a l . ,  1980). 
3.4. Arninoacetone Oxidase 
The product ion o f  methyl g lyoxal  from ami noacetone v i a  an ami ne 
oxidase (EC 1.4.3.6) (Urata and Granick, 1963; Ray and Ray, 1987)during 
t he  catabol ism of threonine was proposed i n  1959 (Figure 4) (E l  1 i o t ,  
1959) . Studi es on the  amine oxidase f rom goat 1 i v e r  i ndicated t h a t  i t i s 
a homodimer o f  186 kDa which i s  capable o f  o x i d i z i n g  aminoacetone, 
spen id i ne ,  spermi ne, tryptamine, putresci  ne and ethanol amine and t h a t  










Amine Oxidase li 
Methylgl yoxd 
Figure 4. Known pathways o f  threonine catabol  ism. 
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3.5. Nonenzymat i c Formation o f  Methyl gl yoxal 
Work by Phi l l ips  and Thornalley have demonstrated the formation o f  
methyl gl yoxal from d i  hydroxyacetone phosphate and gl yceral dehyde-3- 
phosphate in Krebs-Ringer phosphate buffer pH 7.4 (Phil l ips  and 
Thornalley, 1992). A t  37 O C  the ra t e  of formation from DHAP and G3P was 
found t o  be f i r s t -order  with r a t e  constants of 1.94 2 0 . 0 2 ~ 1 0 ' ~  s" and 
1.54 2 0.02x10-" s-', respectively (Phi1 1 ips and Thornal ley, 1992). I t  
has yet  t o  be determined i f  nonenzyrnatic formation of methylglyoxal from 
biol ogi  cal small mol ecul es i s an important source of methyl glyoxal . 
Nonenzymati c formation of methyl glyoxal from DHAP i s bel i eved t o  i nvol ve 
base abstraction of a proton from C-3 (hydroxymethyl group) of DHAP t o  
generate an enediol which then loses phosphate t o  form an enolaldehyde. 
Tautomeriration of the enolaldehyde then generates methylglyoxal 
(Summers and Rose, 1975). 
4. Methyl gl yoxal Catabol i sm 
4.1. Methylglyoxal Dehydrogenase 
The enzyme methyl glyoxal dehydrogenase a l  so termed a-ketoal dehyde 
dehydrogenase (EC 1.2.1 . Z 3 )  catalyzes the oxidation of methylglyoxal t o  
pyruvate (Figure 5) . The enzyme from Pseudomonos put  tda ( P .  putida) has 
a mol ecul a r  weight of approximately 42 kDa and w i  11 oxidize glyoxal , 
methyl glyoxal , formal dehyde and acetal dehyde and requi res NAD' as a 
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cofactor (Rhee e t  al . ,  1987). The enzyme from goat 1 iver consists o f  two 
different types o f  enzyme (one which uti l izes NAD' and the other which 
util izes NADP') each with a molecular weight o f  approximately 42 kDa 
(Ray and Ray (1982)). These enzymes are specific only for 2-0x0- 
al dehydes . Methyl gl yoxal dehydrogenase has not been found i n 
Sacchorumyces cerevisioe (S. cerevisioe) (Murata e t  0 1 . .  1985a) nor  has 
i t  been found i n  higher plants (Kato et a l . .  1988). 
4.2. Methylglyoxal Reductase 
The enzyme aldehyde reductase (EC 1.1.1.21) catalyzes the 
conversi on of a-ketoal dehydes t o  a-hydroxyal dehydes . Al dehyde reductase 
exhi b i  t i  ng MG reductase acti vi t y  (methyl gl yoxal reductase) has been 
detected and purified from goat l iver  (Ray and Ray, 1984). S. cerevisioe 
(Murata e t  al . , 1986; Inoue e t  a l .  . 1988) and Aspergi l lus  niger (A. 
niger) (Inoue et a l .  , 1988). A number o f  substantial differences were 
found t o  exist  between the enzyme from yeast and the enzyme from goat 
liver: 
a.  the yeast enzyme uti l izes NADPH while the goat enzyme uses 
NADH . 
b.  the react 
whereas the goat 1 
c. t h e  yeast 
ion catalyzed by the yeast enzyme i s irreversi ble 
i ver enzyme catal yzes a reversi bl e reacti on. 
enzyme i s speci f i  c f o r  2-oxoal dehydes whereas the 
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goat  l i v e r  enzyme has broad s u b s t r a t e  s p e c i f i c i t y  and w i l l  t rans form 
a l  dehydes and 2-oxoal dehydes. 
d. t h e  yeast  enzyme i s monomeric w i  t h  a molecu lar  we ight  o f  
approximately 43 kDa and t he  enzyme conta ins 5% w/w carbohydrate w h i l e  
t h e  goat l i v e r  enzyme i s  d i m e r i c  w i t h  a molecular  weight o f  
approximatel y 89 kDa. 
A. niger possesses two d i  f f e r e n t  methyl g l yoxa l  reductases (MGR-1 
and M G R - I I ,  r espec t i ve l y ) .  The f i r s t  enzyme i s  s p e c i f i c  f o r  2-0x0- 
al dehydes and has a molecul a r  weight  of  36 kDa w h i l e  the second enzyme 
u t i l  i zes  NADPH and has broad subs t ra te  s p e c i f i c i  t y  and has a mol ecul a r  
weight  o f  38 kDa. Why A.  niger r e q u i r e s  two rnethylg lyoxal  reductases has 
n o t  yet been determi ned. The enzymes f rom yeast and mol d r e q u i  r e  an 
ordered a d d i t i o n  o f  NADPH and then substrate otherwise  i r r e v e r s i b l e  
i n a c t i v a t i o n  occurs f o r  these enzymes (Inoue e t  a l . ,  1988). 
O 
Methy Iglyoxal 
! GlyoXakx Enzymes 
OH 
I 









Figure 5 .  Metabol i s m  o f  a-ketoal dehydes such as methyl glyoxal . 
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4.3. Lactal dehyde Dehydrogenase 
Lacta l  dehyde dehydrogenase (EC 1.2.1.22) catalyzes the  conversi  on 
of 1 ac ta l  dehyde t o  1 a c t i c  acid.  I n i t i a l  s tud ies on 1 acta l  dehyde 
metabol ism were performed i n  1953 (Neuberg and Varcel lone, 1953) and i n  
1958 (Sandman and Mi 1 1 er, 1958) but  the  enzymes i nvol ved were n o t  
i d e n t i f i e d  u n t i  1 1985 (Murata e t  al . ,  l985b). An NAD'-uti 1 i z i n g  enzyme 
t h a t  metabolizes lac ta ldehyde has been p u r i f i e d  from yeast by Inoue and 
CO-workers (Inoue e t  a l .  , 1985) . Lactal dehyde dehydrogenase has a l  so 
been p u r i  f i e d  f rom E. col i ( S r i  dhara and Wu, 1969). The yeast  enzyme i s 
s p e c i f i c  f o r  L - l a c t a l  dehyde whereas the  E. coli enzyme w i l l  a c t  upon 
both  L-and D-lactaldehyde and propionaldehyde. The E. co l  i enzyme has a 
molecular  weight o f  100 kDa and i s  most a c t i v e  above pH 10.5. The yeast  
enzyme cons is ts  o f  a s i n g l e  polypept ide w i t h  a molecular weight  o f  40 
kDa, has a pH optimum o f  6.5 and i s  extremely unstable w i t h  an almost 
compl e te  1 oss o f  a c t i  v i  t y  occur ing du r i  ng storage a t  -20 OC. 
4.4. Formal dehyde Dehydrogenase 
Formal dehyde dehydrogenase (EC 1.2.1.46) w i  11 accept methyl g l yoxa l  
as a subst ra te  al though i t  w i l l  no t  accept acetaldehyde as a subs t ra te  
(Schutte e t  al., 1982). The enzyme has a c r i t i c a l  requirement f o r  
g l u ta th i one  (GSH) as a co fac to r  and i s  bel  ieved t o  ac t  upon t h e  
hemi t h i  oacetal s of forma1 dehyde and methyl g lyoxa l  . Oxidation by NAD' 
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produces S-formylgl utathione and S-pyruvoylgf utathione, respectively. S- 
Formylglutathione can be hydrolyzed by S-formylgl utathione hydrol ase (EC 
3.1.2.12) to produce f o n i  c aci d and regenerate gl utathi one. However i t 
i s bel i eved that S-formyl gl utathi one hydrol ase does not hydrol yze S- 
pyruvoyl -gl utathione (Neben, et ol., 1980; Uotila and Koivusalo, 1974). 
5. Glyoxalase 1 and Glyoxalase II 
It would appear during the course of normal ce1 1 ul ar metabol i c 
acti v i  ty that methyl gl yoxal i s produced endogenousl y and that 
methylglyoxal i s  specifical ly transforrned into S-D-1 actoylgl utathione by 
glyoxalase 1. Glyoxalase 1 (S-0-lactoylglutathione methylglyoxal lyase 
(isomerising), EC 4.4.1.5). which is believed to be a 2n2'-dependent 
metal 1 oprotein (Thornall ey, 1995). catalyzes the intramol ecul ar 
disproportionation of nonenzymatically formed hemithioacetals of GSH and 
a-ketoaldehydes into a-hydroxythioesters.The second enzyme o f  the 
system. glyoxal ase II (S-2-hydroxyacylglutathione hydrol ase, EC 
3.1.2.6). hydrolyzes thioesters to cc-hydroxycarboxyl i c acids wi th the 
consequence that GSH i s regenerated. Thus when methyl gl yoxal i s 
undergoing transformation by the glyoxal ase system. i t i s converted 
fi rst to S-D-1 actoylgl utathione by glyoxal ase 1 and thi s compound then 
undergoes hydrolysis by glyoxalase II to yiel d GSH and D-lactic aci d 
(Figure 6). 
The role o f  0 - lac ta te  i n  mamal s i n  unknown. However, the 
conversion o f  O- lactate t o  pyruvate by the  membrane-bound enzyme O- 
1 ac ta te  dehydrogenase st imul  a tes t ranspor t  o f  several ami no ac i  ds 
(Kaback and Mi lner,  1970; Kaback, 1974) i n  E. colt  ML 308-225. The 
uptake o f  alanine, aspar t i c  and g l  utarnic acid, g lyc ine,  l ys ine ,  pro1 ine,  
se r i ne  and tryptophan were g r e a t l y  increased by the  presence o f  O - l a c t i c  
acid i n  i s o l a t e d  membrane preparat ions.  H is t id ine - ,  iso leuc ine- ,  
1 euci ne-, phenyl a l  an i  ne-, t y ros ine-  and val  i ne-uptake were a l  so found t o  
be increased i n  the  presence o f  D- lac ta te  bu t  on ly  a two- fo ld  i ncrease 
i n  the uptake o f  cysteine, cys t ine,  methionine and a rg i n i ne  was noted 
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Figure 6. Products o f  catalysis o f  glyoxal ase 1 and glyoxal ase I l .  
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5.1 Function and Dis t r ibut ion  
A number o f  b i o l o g i c a l  r o l e s  f o r  the glyoxalase system have been 
proposed. It has been postu la ted t h a t  the  enzyme system may help 
con t ro l  / regul  a te  ce1 1  growth and ce1 1  d i  v i  s i  on (Stern. 1956) , pro tec t  
mamnal s f rom bac te r ia  i n  t h e  gas t ro i n tes t i na l  t r a c t  (Aronsson and 
Mannervi k, 1977). and/or rnay be i nvo l  ved i n  th reon i  ne catabol i sm 
(E l  1  i o t ,  1959; Urata and Granick, 1963; Ray and ray, 1987), heme 
biosynthesis ( S t a f f o r i n i  e t  al. ,  1985) and MG d e t o x i f i c a t i o n  (French and 
Freedl ander, 1958; R i  ddl e  and Lorez, 1973) . 
I t  i s bel  ieved t h a t  t h e  enzyme i s  ubiqui  tous and has been 
i dent i  f i  ed and i sol ated from a  number o f  organi sms i nc l  ud i  ng bacter i  a, 
algae, con i fers .  yeast, fung i ,  invertebrates,  r e p t i l e s ,  f i s h ,  b i r d s  and 
rnammals (Widrnann, 1929; S t i  11, 1941; Hopkins and Morgan. 1945). 
Glyoxalase 1 a c t i v i t y  i s  found t o  be highest i n  brain,  kidneys and l i v e r  
bu t  a l  1  t i ssues  would appear t o  possess glyoxal  ase 1 (Hopkins and 
Morgan, 1945; Marmstal et al., 1979). Glyoxal ase I I  has been p u r i f i e d  
from a  number o f  mammal i an sources (Jerzykowski e t  a l .  , 1978; Ba l  1  and 
Vander Jagt, 1980; Oray and Norton, 1980; P r i nc ipa to  e t  a l .  , 1987) bu t  
extensive charac te r i za t ion  o f  t h i s  p a r t i c u l a r  enzyme from nonmamnalian 
sources has not y e t  been attempted (Murat e t  a l . ,  1986; Talesa e t  a l .  , 
1990; Inoue and Kimura, 1992). 
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5.2 Isol a t  i on and Puri fi cati on o f  Gl yoxal ase I 
Glyoxal  ase 1 has been p u r i f i e d  from a v a r i e t y  o f  sources i n c l  ud i  ng 
yeast (Marmstal e t  oz. , 1979; Vander Jagt and Han, 1973; Murata et 0 2 .  , 
1985~; Murata et ol., 1988; h o u e  et ol., 1990; Caccuri  et al., 1993). 
human (Schimandle and Vander Jagt ,  1979; Aronsson et al., 1979; A l  len et 
al., 1993; Kim et al., 1993; Ranganathan et al., 1993; Ranganathan and 
Tew, 1993; K i m  e t  01. , 1995). r a t  (Han e t  al., 1976; Marmstal and 
Mannervi k, 1979; Mannervi k e t  0 1 .  , 1981). mouse (Oray and Norton, 1977), 
sheep (Uot i  1 a and Koi vusal O, 1975), p i g  (Mannervi k e t  al. , 1972; 
Aronsson and Mannervi k, 1977), rabb i  t (El ango et al. , 1978) and pea 
(Ramaswany et al., 1983). Vander Jagt  e t  al., have r e p o r t e d  only a 
p a r t i a l  p u r i f i c a t i o n  o f  the enzyme from E. coli (Vander Jagt, 1975) w i t h  
1 i ttl e c h a r a c t e r i  z a t i o n  o f  t h e  p a r t i  a l  l y  p u r i  f i  ed enzyme. 
5.2.1 I s o l a t i o n  o f  Yeast Glyoxalase 1 
The o r i g i n a l  p u r i f i c a t i o n  p ro toco l  f o r  g lyoxa l  ase 1 from 
Saccharomyces cerevisiae i n v o l  ved t h e  use o f  acetone, ethanol  and 
ammonium su1 f a t e  p r e c i p i  t a t i o n  (Marmstal e t  al. , 1979). Glyoxal ase 1 
from t h i s  source i s  co rne rc ia l  l y  a v a i l a b l e  from Sigma Chernicals i n  a 
variety o f  grades and i t i s  p o s s i b l e  t o  f u r t h e r  p u r i f y  t h e  commercial l y  
avai  1 ab1 e enzyme u s i  ng S-hexyl gl utathione-Sepharose 68 a f f i  n i  t y  c o l  umn 
chromatography (Vander Jagt  and Han, 1973). 
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A more recent  p u r i f i c a t i o n  scheme was developed by Caccuri e t  a l .  
Puri  f i  ca t i on  was achi eved by u t i  1 i z i n g  ethanol /ch1 oroform and acetone 
p rec i  p i  ta t i ons .  DEAE-52, QAE-A50. S-hexyl g l  u ta th ione  Sepharose-6B and 
Sephadex 6-100 co l  umns (Caccuri et al .  , 1993) . The s p e c i f i  c  a c t i v i  t y  o f  
the enzyme was determined t o  be approximately 3 500 pno l  /min/mg 
(Caccuri e t  a l .  . 1993) . 
While gene c l on i ng  o f  yeast  glyoxalase 1 has y e t  t o  be pub1 ished 
i t  i s  know t h a t  the re  e x i s t s  a gene which i s  capable o f  enhancing yeast  
glyoxalase 1 a c t i v i t y  (Murata e t  al.. 1988); Inoue e t  a l . ,  1990). 
Glyoxalase 1 a c t i v i t y  i n  yeast  ce1 1 s possessing t h i s  gene demonstrated 
5 - f o l d  increased a c t i  v i  t y  as compared t o  con t ro l  ce1 1 s 1 acking the  gene 
(Murata e t  a l . .  1988). The gene encodes f o r  a l a r g e  pept ide o f  106 amino 
acids (Inoue e t  a l . .  1990). How t h i s  pept ide i n t e r a c t s  t o  a c t i v a t e  yeast  
g lyoxal  ase 1 i s c u r r e n t l y  unknown. 
5.2.2 Isolation o f  Hurnan Glyoxal ase 1 
The human enzyme has been found t o  ex i  s t  i n  a l  1 t i ssues  (Larsen e t  
a l .  , 1975) and p u r i  f i  c a t i o n  s tud ies  on human e r y th rocy te  g lyoxal  ase 1 
are extensive (Aronsson e t  al.. 1979; A l l en  e t  a l . ,  1993). Two a l  l e  l e s  
f o r  g lyoxalase 1 g i v e  r i s e  t o  th ree  forms o f  t he  enzyme (a&, and i rp)  
which appear t o  be k i n e t i c a l l y  i den t i ca l  ( Bagster  and Parr,  1975; Kompf 
e t  al., 1975; Meo e t  OZ., 1977). 
I s o l a t i o n  o f  glyoxalase I from human r e d  blood ce1 1 s has been 
performed by A l  1 en and coworkers ( A l  1 en e t  a l .  , 1993) . P u r i f i c a t i o n  was 
achieved u t i  1 i z i n g  chloroform/butanol denaturat ion o f  ce1 1 s, acetone and 
ammonium s u l f a t e  p r e c i p i t a t i o n  steps and S-hexylglutathione-Sepharose 48 
and Sephadex 675 col  umn chromatographies ( A l  1 en e t  al. , 1993). The 
p u r i f i e d  enzyme was found t o  be homodimeric w i t h  molecular weight o f  46 
kDa. The i s o e l  c t r i c  pH was determined t o  be 5.1 and the  enzyme obeyed 
Michaelis-Menten k i ne t i cs  f o r  MG-GSH hemimercaptal as a substrate i n  t he  
range 21-817 pM (Al 1 en e t  al. , 1993). 
Human cDNA clones encoding f o r  g lyoxalase I have been i so la ted  
from an U937 cDNA 1 i brary ( K i m  e t  al. , 1993). The cDNA fragment encoding 
f o r  human glyoxalase 1 was subcloned i n t o  pUC19 and the  resu l t an t  
p l  asmid (pMGLOI) transformed i n t o  E. c o l i  ce1 1 s and screened f o r  MG (5 
mM) r e s i  stance ( K i m  e t  a l .  , 1993). The transformants conta i  n ing pMGLOl 
acquired MG res is tance whereas ce1 1 s lack ing  t he  p l  asmid were no t  v i a b l e  
i n  t h  epresence o f  5 mM MG. Lysates o f  E. colilpMGLO1 showed 110-fold 
h igher  a c t i v i  t y  (2.2 pmol/min/mg) than l ysa tes  1 acking t he  p l  asmid 
(0 .O2 pmol /min/mg) . The cDNA encoded for a p r o t e i  n o f  184 ami no acids 
(molecular weight o f  20 719 Da). Research by Ranganathan and coworkers 
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on cDNA clones encoding f o r  human co lon g lyoxa lase 1 y i e l d e d  an 
i d e n t i c a l  amino a c i d  sequence t o  t h a t  repor ted  by Kim and coworkers 
(Ranganathan e t  a l .  , 1993; Kim e t  a l .  . 1 9 9 3 ) .  
A recen t  s tudy concerning cDNA c lon ing  and c h a r a c t e r i z a t i o n  o f  
human g l  yoxa l  ase 1 f rom f i  brosarcorna HT-1080 ce1 1 s y i e l  ded two d i  f f e r e n t  
cDNA c l  ones (Kim e t  a l .  , 1995). The two c l  ones a r e  n e a r l y  i d e n t i  c a l  
except f o r  a s u b s t i t u t i o n  a t  p o s i t i o n  111 o f  t h e  amino a c i d  sequence. 
The f i r s t  c lone w i t h  an a l a n i n e  a t  amino a c i d  p o s i t i o n  111 i s  designated 
pMGLOI -A and t h e  second c l o n e  w i t h  g lu tamic  a c i d  a t  amino a c i d  p o s i t i o n  
111 i s  designated pMGLOI-E (Kim e t  a l .  . 1995). Lysates o f  HT-1080 ce1 1 s 
y i e l d e d  3 d i s t i n c t  bands c o n t a i n i n g  g lyoxalase 1 a c t i v i t y  which i s  
i nd i  c a t i  ve o f  t he  presence o f  2 homodimers (GLO-A/GLO-A and GLO-E/GLO-E) 
and one heterodimer (GLO-A/GLO-E) (Kim e t  a l .  , 1995) . 
Glyoxal ase 1 p u r i f i e d  frorn human colon cancer ce1 1 s and normal 
human co lon ce1 1 s y i e l  ded d i  f f e rences  i n  enzyme s p e c i f i  c a c t i  v i  t i es. 
Normal human co lon  g l yoxa lase  1 had a s p e c i f i c  a c t i v i  t y  o f  3 1  
pmol /mi n/mg whi 1 e t h e  speci f i c  a c t i  v i  t y  o f  human c o l  on cancer 
g lyoxa lase 1 was 54 pmol /rnin/mg (Ranganathan and Tew. 1993) . 
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5.2 .3  Isolation o f  Rat Glyoxalase 1 
P u r i f i c a t i o n  from r a t  l i v e r  was achieved by us ing ammonium su1 f a t e  
and ch1 oroform/ethanol p r e c i p i  t a t i o n  steps, CM-Sephadex C-50, Sephadex 
G-LOO and DEAE-Sephadex A-50 (Han e t  a l . ,  1976). P u r i f i c a t i o n  o f  the  
enzyme from r a t  ery throcytes  was achieved by us ing chloroform/ethanol 
f r ac t i ona t i on ,  b l  ue-dextran a f f i n i  ty  chromatography and hydroxyapati  t e  
chromatography (Marmstal and Mannervi k, 1979). 
5 .2 .4  Isolation of  E. coli Glyoxalase 1 
Rernarkably 1 i t t l e  i s  known about g lyoxalase 1 f rom E. c o l  i. Vander 
Jagt  has p a r t i a l  l y  p u r i f i e d  the enzyme from E. coli K-12 using ammonium 
su1 f a t e  f r a c t i  onati on, CM-Sephadex and Sephadex 6-100 chromatography 
(Vander Jagt, 1975). The enzyme from K-12 was found t o  be unstable a t  
a l  1 stages o f  p u r i  f i  ca t i on  and very 1 i ttl e charac te r i  z a t i  on was 
performed on t h i s  enzyme. 
5.2.5 Isol a t i  on o f  Pseudomonas putida Glyoxal ase 1 
Bac te r i a l  g lyoxalase 1 from P. putido was o r i g i n a l l y  p u r i f i e d  and 
stud ied by Rhee and CO-workers ( ~ h e e  e t  a l .  , 1986). The i s o l a t i o n  
procedure i n v o l  ved DEAE-ce1 1 u l  ose, bu t y l  toyopear l  650 M hydrophobi c 
chromatography and S-hexylgl utath ione agarose a f f i  n i  t y  chromatography 
and Sephadex G-150 chromatography. 
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Molecular c lon ing  o f  P. putido glyoxalase 1 gene i n  E. coli has 
been performed by Rhee and coworkers (Rhee e t  0 1 .  , 1987) . The g l  yoxal  ase 
1 gene frorn P. pu t i da  was cloned i n t o  t he  vector  pBR322 (BamH 1 s i  t e )  as 
a Sau3A I chromosomal DNA fragment and t h e  plasmid designated as pGI318. 
Th is  plasmid was then subjected t o  Hind III r e s t r i c t i o n  enzyme d i ges t i on  
and then l i g a t e d  t o  generate t he  plasmid pGI423. Th is  plasmid was then  
int roduced i n t o  E. c o l i  C600 c e l l s  and screened f o r  res is tance  t o  MG 
(1.2 mM) (Rhee e t  a l .  , 1987). Approximately 150-fol d i ncreae i n  
g lyoxalase 1 a c t i v i t y  was observed i n  E. coli C600 ce11 s conta in ing 
pGI423. 
The gene encoding f o r  g lyoxalase 1 from P. putida has been cloned 
i n t o  the expression vec to r  pBTacI and t he  plasmid transformed i n t o  E. 
c o l i  JM109 c e l l s  (LU e t  a l . ,  1994). Induct ion by i sopropy l  t h i o -  
gal  actoside resu l  t e d  i n  4 000-fo l  d h igher  expression than JM109 ce1 1 s 
1 acking t h e  p l  asmid (Lu e t  a l .  , 1994) . The open read i  ng frame encodes 
for  a p r o t e i n  o f  173 ami no acids (mol ecul  ar weight o f  19 526 Da). The N- 
terminal  methionine i s  l o s t  a f t e r  t r a n s l a t i o n  t o  y i e l d  a p r o t e i n  o f  19 
407 Da. The f o r  P. putida glyoxalase 1 was determined t o  be 390 pM 
f o r  the  MG-GSH hemimercaptal (50 mM potassium phosphate, pH 7.0) (Lu e t  
a l . ,  1994). 
Table 1. Cornpari son o f  glyoxal ase I from var ious  sources. 
- - - 
Source 
~ Yeast 
E r y t h r o c y t e  
Rat E r y t h r o c y t e  
Pi g E r y t h r o c y t e  
Rat L i  ver 
( Hepatocyte  
Sheep t i v e r  
Hepatocyte 
Speci fi c Nurnber o f  
A c t i  vi tya 
a. Conversion o f  hemimercaptal of MG-GSH t o  S-D-1 actoy l  gl utathione;  b .  
Marmstal e t  a l . ,  1979; c. Vander Jagt and Han, 1973; d. Schimandle and 
Vander Jagt, 1979; e. Aronsson e t  a l . ,  1979; f .  Allen e t  a l . ,  1993; g. 
Marmstal and Mannervik, 1979; h. Aronsson and Mannervi k ,  1977; i . Uoti la  
and Koivusl ao, 1975; j . Rhee e t  a l .  , 1986 
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5.3 a-Ketoal dehyde Substrate Specifi  c i  t y  
Glyoxal ase 1 w i l l  a c t  upon hemirnercaptal s generated f rom a number 
o f  s t r u c t u r a l  ly d i f f e i - i n g  a-ketoaldehydes. However a-ketoal  dehydes which 
possess severe s t e r i  c h i  nderance tend n o t  be acceptable as substrates.  
Enzymes such as g lu ta th ione  S-transferases (Monks e t  a l . ,  1985; Stevens 
et 0 2 .  . 1986; Monks and Lau, 1987), cytochrome P-450 (Wiseman and Woods, 
1979; W i  s l  ock i  e t  0 1 .  , 1980; Woods and Wiseman, 1980; King e t  a l .  , 1984; 
Schuetz and Guzel i an, 1984; Azar i  and Wiseman. 1990) and epoxide 
hydrol  ase (Oesch, 1980; Barman, 1987) dernonstrate such expansive 
s p e c i f i c i t i e s  f o r  substrates. This has led t o  t h e  hypothesis t h a t  the  
gl yoxal ase enzymes from v a r i  ous sources serve as detox i  f i  c a t i  on enzymes. 
Table 2. a-Ketoaldehydes t h a t  can be u t i l  ized by glyoxalase 1 from 
vari ous sourcesa. 
1 A l  i ohati  c a- ketoal dehvde 1 Aromati c a-ketoal  dehyde 1 
Gl yoxal 
a. References: Hopkins and Morgan. 1948; Racker, 1951; Weaver and Hardy, 
1961; Han e t  a l . ,  1976; Vander J ag t ,  1975; Vander J a g t  e t  a l . ,  1974; 
Vander Jagt  e t  a l .  , 1975; Kozarich e t  al. , 1981; Kozarich e t  0 2 .  , 1982. 
Phenyl g1 yoxal 
Methyl gl yoxal 
Hydroxypyruvdl dehyde 
Phosphohydroxypyruval dehyde 
4,5-Di oxoval e r a t e  
3-Ethoxy-2-oxobutyraldehyde 
t-Butyl gl yoxal 
Fl  uoromethyl g l  yoxal 
5.4 Cosubstrate Speci f i c i  ty  
Gl u ta th i  one i s the natural  endogenous cosubs t ra te  f o r  glyoxal a se  1 
(Lohmann. 1932). Other gl utathione analogues, regard1 ess o f  whether they 
are  na tura l ly  occuring o r  produced syn the t ica l ly ,  are not as e f f e c t i v e  
as cosubstra tes  when compared t o  GSH (Carnegie, 1963). 
.L 
p-Ch1 orophenyl gl yoxal 
p-Hydroxyphenyl gl yoxa7 
p-Bromophenyl gl yoxal 
p-Methyl phenyl g l  yoxa1 
p-Methoxyphenyl gl yoxal 
m-Methoxyphenyl gl yoxal 
p-Ni trophenyl gl yoxal 
G l  utathiomethyl glyoxal 2,4-Dimethyl phenyl glyoxal 
2,4,6-Trimethyl phenylglyoxal 
Tabl e 3. Cosubstrate speci f i  c i  t y  f o r  glyoxal ase 1 f rom var ious sources. 
1 Compound 1 E f f e c t  1 
1 G l  u t a t h i  one 1 Natural  cosubstratea 1 
1 Cvstei ne 1 1 nac t  i *reg 1 
I 
y - G l  utami n y l  cys te i  n y l  +-al ani ne 
a-Gl utamyl cys te i  nyl g l y c i  ne 
P-Aspartyl cys te i  ny l  g l yc i ne  
y-0-Gl utamyl cys te i  ny l  g l yc i ne  
N-D, L-Al anyl GSH 
N-D, 1-Val y1 GSH 
N-Acetyl GSH 
Cyste iny lg lyc ine 
v-Gt utam.~ lcvs te i  ne 
~ c t i v e ~  
Act  i vec 
A c t i  veC 
A c t i  ved 
A c t i  ved 
A c t i  ved 
A c t i  vee 
I n a c t i  vec 
I n a c t i  vef 
1 GSH dimeth-y1 e s t e r  1 I nac t i vee  1 
y-Gl utamyl - L a 1  1 o th io threony l  g l y c i  ne 
y-Gl utamyl-1-thiothreonylglycine 
1 GSH g l ycy l  methyl ester 1 ~ c t i v e '  1 
1nac t i  veh 
inactiveh 
References: a. Lohmann, 1932; b. Carnegie, 1963; c. Behrers, 1941; d. 
Wieland et al., 1956; e. Vander Jagt  and Han, 1973; f. Kermack and 
Mattheson, 1957; g. Woodward and Reinhardt, 1942; h. X ie  and Creighton, 
1991; i . Hami 1 ton  and Crei  ghton, 1992. 
Acety la t ion o f  the a-amino group o f  GSH a l t e red  Y, whereas b lock ing o f  
the  GSH carboxyl ates rendered the  mol ecul e i n e f f e c t i v e  as a cosubstrate 
(Vander Jagt and Han. 1973). Methyl and e thy l  e s t e r i f i c a t i o n  o f  the 
gl ycy l  carboxyl group generated esters whi ch were moderatel y a c t i  ve as 
substrates o f  yeast g lyoxalase 1 (Hamil ton and Creighton, 1992). 
5.5. Glyoxalase 1: Kinetics and Mechanisni o f  Action 
The nonenzymati c r eac t i  on between GSH and a-ketoal  dehydes 
generates an equi 1 i b r i  um w i  t h  two hemi t h i oace ta l  d i  astereomers. Gi ven 
t h a t  S-0-7 ac toy l  g l  utathione i s  formed w i  t h  high o p t i c a l  p u r i  t y  (295%) 
(Han e t  a l . ,  1977; Azar i  and Wiseman, 1990) and on t h e  bas is  o f  NMR 
s tud ies  (Brown e t  a l . ,  1981) i t  would be l o g i c a l  t o  conclude t h a t  o n l y  
one o f  the  diastereomeric p a i r  would be acceptable as a substrate.  
I s o t o p i c  t rapp ing  experiments by G r i  f f i s  e t  0 2 .  demonstrated 
nonstereospec i f ic  substrate usage by t h e  enzyme ( G r i f f i s  e t  oz., 1983). 
Recent experiments concerning yeast g lyoxalase I have ind ica ted  t h a t  t h e  
enzyme u t i  1  i zes both diastereomers o f  the  methyl g l  yoxal /GSH 
hernimercaptal i nd i  scr imi  nate ly  but  p re fe red  on l y  one d i  astereomer o f  the  
phenyl g l  yoxal  /GSH hemimercaptal (Rae e t  a l .  , 1994). I f  t h e  enzyme does 
n o t  d i  scrirni nate between diastereomeri c pa i  rs then a s i t u a t i o n  s imi  1 a r  
t o  t he  a b i l  i ty  o f  phosphoglucose isomerase t o  u t i l  i z e  both  a-and b -  
anomers o f  glucose-6-phosphate cornes t o  mind (Rose, 1975). K ine t i c  
ana lys is  o f  the  turnover r a t e  f o r  g lyoxa lase 1 i nd i ca tes  t h a t  the  r a t e  
constant  approaches va l  ues f o r  a  d i  f f us i on -con t ro l  1  ed r e a c t i  on. 
C a t a l y t i c  e f f i c i e n c i e s  f o r  various a-ketoa l  dehyde substrates var ies  
between 106-10' M%-' (Table 4) i n d i c a t i n g  t h a t  the  enzyme i s  e f f i c i e n t .  
These values approach those determi ned f o r  o ther  enzymes such as 
ace t y l  ch01 i nesterase, crotonase, fumarase, tri osephosphate i somerase 
(l.6xlo8, 2.8x108, 1.6~10~ and 2 . 4 ~ 1 0 ~  M''*s-', respecti  vely) i n  which 
k,,,/K, i s  c lose t o  the d i f fus ion  controlled associat ion r a t e  (Zubay, 
1988) . 
Table 4. K i n e t i c  parameters f o r  various a-ketol adehydes w i  t h  yeast  
glyoxalase 1. 
a. K, for yeast  glyoxalase 1, 25 OC, pH 7.0.; references: Vander J a g t  e t  
a-Ketoal dehyde 
Methyl gl yoxal 
Hydroxypyruval dehyde 
t-Butyl gl yoxal 
Phenyl gl yoxal 
p-Methyl phenyl gl yoxal 
p-Methoxyphenyl gl yoxal 
p-Brornophenyl gl yoxal 
m-Methoxyphenyl gl yoxal 
p-Ni trophenyl gl yoxal 
2,4-Dimethyl phenyl gl yoxal 
p-fiydroxyphenyl gl yoxal 
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Two proposa1 s f o r  t h e  mechanism of glyoxalase 1 ca ta lys i s  have 
been hypothesized: intramolecular hydride s h i f t  versus enediol (ate) 














been accepted u n t i  1 the mid-1970s. Lack o f  tritium incorporation into 0- 
1 actate supported the hydride sh i f t  mechani sin (Rose. 1957) . 
I f  a protected basic amino acid i s  involved in proton abstraction 
then lack of solvent exchange rnay incorrectly favor a hydride sh i f t  
hypothesi S.  More recent studi es i nvol v i  ng NMR experiments i ndi cate that  
catalysis may occur via an enediol (ate) intermediate (Hall e t  a l . ,  
1976). Isotope exchange studi es demonstrated that 1 ow 1 evel 
incorporation o f  deuterium from D,O into D-lactate i s  temperature- 
dependent (15% a t  22 OC. 22% a t  35 OC) (Hal 1 e t  a l .  , 1976) and these 
experiments seem to  favor the protected base argument. Experiments with 
flavins also seem t o  favor the enediol (ate) hypothesis as enediols are 
more eff i  ciently trapped than are hydrides (Shinkai e t  a l . ,  1970; 
Shi nkai et a l .  , 1974; Henerich et ol.  , 1977). Fl avin trappi ng 
experiments w i  t h  3-methyl -tetra-O-acetyl r i  bof1 avi n on gl yoxal ase 1 and 
t he  hernithioacetal o f  phenylglyoxal resulted in the thiol ester  of 
benzoylformate being formed as opposed to  the  thiol ester of mandelate 
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Figure 7. Intramol ecul ar hydride s h i f t  (a) versus ci s-enedi 01 ate 
mechanism (b) for glyoxalase 1 catalysis o f  the hemithioacetal of 
phenyl gl yoxal . 
Shielded Proton Transfer 
Figure 8. Mechanism o f  a c t i o n  o f  human g lyoxa l  ase 1 upon (R) - and ( S )  - 
g l  u t a t h i  01 a c t a l  dehyde. 
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Landro and coworkers have performed NMR experiments on s tereo-  
chemi cal l y  '1 ocked' analogues of the  d i  astereomeric hemimercaptal s o f  MG 
and GSH (Landro et  al . ,  1992) . Both (R) - and (S) -91 utathio-1 actal  dehyde 
(Figure 8) were capable of being converted t o  gl utathiohydroxyacetone by 
human glyoxalase 1 a t  a r a t e  of 0.8 s-' and 0.4 s'l, respectively ( ~ a n d r o  
e t  ol . ,  1992). I t  was possible t o  measure the  r a t e  of disappearance o f  
the  hydrated aldehyde by proton nucl ear magneti c resonance ('H 
NMR) (resonance measured a t  4.85 ppm) and the appearance o f  
g l  utathi  ohydroxyacetone (the "expected" product of glyoxal ase 1 
ca ta lys i s )  (resonance measured a t  4.39 ppm) . When both (R)- and (S) - 
gl uta th io l  actal  dehyde were exposed t o  glyoxal ase 1 i n  deuterated 
phosphate buffer an AB quartet  was observed a t  4.39 pprn. Also observed 
was t h e  formation of a s ingle  broadened t r i p l e t  0.015 ppm upfield from 
the  AB quartet .  This t r i p l e t  was observed regardless i f  e i  ther  (R) -  o r  
(S) -gl utathiol  actal dehyde was used as  a subs t ra te  (Landro e t  a l .  , 1992). 
Proton t r ans fe r  was observed d u r i n g  the  isornerization of both analogues 
t o  y i e ld  deuterium incorporation in to  t h e  pro-S position (Landro e t  a l . ,  
1992) . Based upon previous work by Chari and Kozarich, t h i s  tri pl e t  was 
assigned t o  the pro-R proton o f  gl utathiohydroxyacetone coup1 ed t o  
deuterium (Chari and Kozari ch, 1983). These resul t s  woul d seem t o  
indica te  t h a t  glyoxalase 1 nonstereospecifically abstracts  a proton from 
the  hemirnercaptal of MG and GSH b u t  proton addition i s  s tereospecif ic  t o  
y i  e l  d  S-D-1 ac toy l  g l  u t a t h i  one. 
5.6 Glyoxalase 1: Metal Ion Requirernent 
Exposing g lyoxa l  ase 1 from var ious sources t o  ethylenediarnine 
t e t r a a c e t i c  ac id  (EDTA) o f ten  r e s u l t s  i n  t he  r a p i d  i n a c t i v a t i o n  o f  t he  
enzyme i n d i c a t i n g  t h a t  a  metal co fac to r  i s  necessary f o r  c a t a l y s i s  o r  i s  
necessary f o r  mai  n t a i n i ng  the s t r u c t u r a l  i n t e g r i  t y  o f  t h e  enzyme. 
Approximately 30 years ago i t  was bel ieved t h a t  g lyoxalase 1 was a 
~g"-dependent metal l op ro te i n  due t o  i t s  e f f i c i e n t  a c t i v a t i o n  by ~ g "  
(Davis and W i  11 iams. 1966). Work by Aronsson e t  a l . ,  i n  the 1 a te  1970 ' s  
over turned t h i s  hypothesis w i t h  research t h a t  i nd ica ted  t ha t  both human 
and yeas t  g lyoxalase 1 were 2n2'-dependent p ro te ins  w i t h  each subunit  
con ta i  n i  ng one zn2' (Aronsson e t  a l .  . 1978). Data generated concerni ng 
metal replacement s tud ies  has been accomplished w i t h  the  human 
e r y th rocy te  enzyme bu t  not  the  yeast enzyme. The human enzyme will 
rega in  one-ha1 f o f  i t s  i n i t i a l  vel  o c i  t y  upon r e c o n s t i t u t i o n  w i  t h  ~ n "  
whereas t h e  yeast  enzyme cannot be r eac t i va ted  a f t e r  metal depl e t  i o n  
(Aronsson e t  0 1 .  , 1978) . Table 5 i n d i  cates t h a t  the  m a l  l d i  ssoci a t i  on 
constant  f o r  zn2+ f o r  human e ry th rocy te  g lyoxa l  ase 1 i nd i ca tes  2n2' t o  be 
t he  pre fered metal i o n  (Sel 1 i n  and Mannervi k. 1983) . 
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From Table 6 i t  can be seen t h a t  2n2+ and ~ g "  are nea r l y  equally 
as e f f e c t i v e  a t  a c t i v a t i n g  t he  enzyme f o r  the  enzymatic convers ion o f  
methylg lyoxal  . Other s tud ies  i nd i ca te  tha t  cd2+, ~a " ,  ~ e " ,  ca2' and ~ g ~ '  
are  incapable o f  a c t i v a t i n g  the  enzyme (Uoti  l a  and Koi suvalo, 1975). 
Apoglyoxal ase 1 from human erythrocytes and ca l  f 1 i v e r  i s except ional  ly 
v e r s a t i l e  and can be recons t i t u t ed  w i t h  zn2+, Mg", ~ n " ,  Co2', ~i", Ca2' 
(Davis and Wi l l iams, 1966; U o t i l a  and Koisuvalo, 1975; Han e t  a l . ,  1977; 
Aronsson et a l . ,  1978; Sell in et a l .  , 1983; Sell i n  and Mannervi k ,  1984), 
V" (Vander Jag t  and Topscott, 1978) and Ga3' (Vander Jagt e t  al. , 1980). 
Table 5 .  Meta1 i o n  d i ssoc i a t i on  constants f o r  human e r y th rocy te  
g lyoxa l  ase 1'. 
Diva l  en t  Meta1 Cat ion D i  ssoci a t i  on Constant 
a. Reference : Sel 1 i n and Mannervi k ,  1983. 
F I  uorescence 
t h a t  t h e  metal i o n  
Dansyl a t i  on o f  r a t  
39 
quenching experiments by Han e t  a l . ,  have ind ica ted  
resides near the a c t i v e  s i t e  (Han e t  a l . ,  1977). 
ery throcyte  apoglyoxal ase 1 f o l  1 owed by 
r e i n t r o d u c t i o n  o f  ~ n "  resu l  ted  i n  f l  uorescence quenchi ng. Further work 
w i t h  human ery throcyte  2n2+-. ~ g " -  and CO'+-glyoxalase 1 has demonstrated 
t h a t  they  had no e f f e v t  on k,,, f o r  the conversion o f  methylglyoxal.  A 
pronounced sensi t i v i  t y  i n  k,,, by ~ g ~ + - ,  ~n"- ,  CO*+- and ~ i ~ ' - g l y o x a l  ase I 
f o r  phenyl g lyoxa l  i s  apparent (Uot i  l a  and Koisuval o. 1975; Vander Jagt 
and Topscott; Vander Jagt e t  a l . ,  1980). 
Spectroscopic studies on human e ry th rocy te  glyoxalase 1 support 
the  hypothesis t h a t  the metal i o n  i s  f a r  enough removed frorn t he  
substrate such t h a t  d i r e c t  coord inat ion i s  n o t  poss ib le .  Work on ~n"- 
g l  yoxal ase 1 and el ectron paramagneti c  resonance (EPR) and v i  s i  b l  e 
absorpt ion s tud ies  on co2'-glyoxalase 1 g i ve  credence t o  the  idea t h a t  
coord ina t ion  i s  second sphere through one o r  two water molecules (Sel 1 i n  
e t  a l . ,  1982a; Sel 1 i n  e t  a l . ,  1982b) .Extended x-ray absorpt ion f i n e  
s t r u c t u r e  (EXAFS) studies f o r  human Zn2+-glyoxalase 1 have ind ica ted  
t h a t  enzyme-2n2+ coordinat ion i s  i n  a d i s t o r t e d  octahedral o r  hepta- 
coord ina t ion  geometry (Garcia-Iniquez e t  a l .  , 1984). 
Table 6. Activation o f  human glyoxalase I by various metal ions f o r  
various substratesa. 
Re1 a t ive  k,, for MW-glyoxalase I 
1 a-Ketoal dehyde 
1 Methylgl yoxal 
1 Phenylgl yoxal 
- - -  -- 
p-Ch1 oro- 
phenyl gl yoxal 
p-Methoxy- 
phenyl gl yoxal 
a.  k,,, values re la t ive  t o  znZ'-glyoxal ase 1 w i  t h  rnethyl glyoxal (Uoti 1 a 
and Koisuvalo, 1975; Vander Jagt and Topscott; Vander Jagt  e t  a l . ,  
1980). 
Even w i t h  extensive metal-glyoxalase 1 studies the  role of t h e  
metal ion in the process o f  cata lys is  has no t  been elucidated. I t  i s  
known that k,,, val ues for  the yeast enzyme wi t h  various a-ketoal dehydes 
are  relat ively similar which rnay indicate t h a t  the role of the metal i s  
invariant (Vander Jagt et  0 2 .  , 1972). The role of  the metal in yeast 
glyoxalase 1 may be t o  polarize the ketone functionality of the 
hemi th i  oacetal via an i ntervening water mol ecul e (Figure 9) .  Changes i n 
4 L 
k, for various metal-glyoxalases may be due to decreased or altered 
pol ari zati on of vari ous a- ketoal dehydes . 
5.7 Glyoxalase 1: Active S i t e  Studies 
Amino group specifi c reagents such as 1-fl uoro-2.4-dinitrobenzene, 
5-dimethylaminonaphthalene-1-su1 fonyl chloride and 2.4.6-trini tro- 
benzenesul fonate are capable o f  i nactivati ng yeast and porcine 
erythrocyte glyoxal ase 1 (Mannervi k et a l .  , 1975) . Protection agai n s t  
inactivation can be afforded by preincubating the enzyme with 
gl utathione deri vati ves (Han et al. , 1977). The yeast enzyme i s rendered 
inactive when exposed to 2,3-butanedione, phenylglyoxal and 
camphorqui none-10-su1 foni c aci d whi ch are argi ni ne-modi fyi ng reagents 
(Schasteen and Reed, 1983). Inactivation could be prevented by t h e  
presence of gl utathione, substrate or S-D-1 actoyl gl utathione (Schasteen 
and Reed, 1983) . Loss of activi ty in the absence o f  protective rnolecul es 
woul d seem to suggest that arginine(s) responsi bl  e for anioni c bi ndi ng 
are b e i  ng modi f i  ed. The tyrosi ne-modifyi ng agent tetrani tromethane, has 
also been found to inactivate yeast glyoxalase 1 (Carrington and 
Douglas, 1985) . A known glyoxal ase 1 i nhi bi tor, S- (p-bromobenzyl ) - 
gl utathi one, was found to reduce inactivation by tetrani tromethane 
(Carrington and Douglas, 1985). Ethoxyformyl ation and photo-oxi dation of 
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his t id ines  i n  yeast  glyoxalase 1 ind ica te  tha t  t h i s  amino acid may p lay  
a c a t a l y t i c  o r  s t ructural  ro l e  (Hal 1 e t  a l . ,  1976; Jordan e t  a l . ,  1983). 









Figure 9. Hypothetical ac t ive  s i t e  f o r  glyoxalase 1 based on t h e  mode1 
proposed by Carri ngton and Dougl as (Carri ngton and Dougl as, 1985) . 
6. Glyoxalase II: Kinetics and Mechanism o f  Action 
Frorn Table 7 i t can be seen that  glyoxalase I I  recognizes and 
preferenti al 1 y binds th i  oesters of g l  utathione b u t  does not appear t o  
recogni ze coenzyme A and t h i  ogl ycol a te  th i  oesters nor oxygen es ters  
(Uotila, 1973). The presence of a C-2 hydroxyl i s  not an absol ute 
requi rement fo r  gl yoxal ase I I  catal ysi s t o  occur perhaps i ndi ca t i  ng tha t  
glyoxalase I I  i s  not s t r i c t l y  specific fo r  the products of catalysis  o f  
glyoxalase 1. Catalytic efficiency o f  glyoxalase 11 i s  on the order o f  
10' M''.s-' which i s  approximately an order o f  magnitude l e ss  than that of 
acetyl ch01 i nesterase (Bal 1 and Vander Jagt,  1981; Guha e t  a l .  , 1988). 
Table 7. Kinetic parameters for various substrates for human l ive r  
glyoxal ase II'. 
1 S-Glycolylgl utathione 1 70 1 39 
Substrate 
S-Lactoyl g l  utathi one 
S-Gl yceryl gl utathione 
a. Reference: Uotila, 1973. 
k ( P M )  
- - 
S-Mandel oyl gl utathione 
S-Acetoacetyl gl utathione 
S-Succi nyl g l  utathi one 
S-Formylgl utathi one 
S-Acetyl gl utathi one 
S-Propi onyl gl utathione 



















Comparing the pH t i t r a t i o n  curves o f  t he  enzyme i n  H,O w i t h  t h a t  
i n  4 0  l e d  t o  the conclusion t h a t  general acid-general base c a t a l y s i s  
was n o t  responsibl  e f o r  the  enzyme's mechanism o f  ac t i on  (Bal 1 and 
Vander Jagt, 1981). Incubat i  ng d i  i sopropyl phosphofl uo r i da te  ( s e r i  ne- 
modi f y i  ng) (Bal 1 and Vander Jagt. 1981) , phenyl rnethanesul f ony l  f l  u o r i  de 
(PMSF) ( s e r i  ne-modi f y i  ng) (Dougl as e t  a l .  , 1984) , 5,5'-di t h i  ob i  s-2- 
n i  t robenzoic  acid (cyste i  ne-rnodi f y i  ng) (Dougl as e t  a l .  , 1984), 2- 
hydroxy-5-ni trobenzyl bromi de (tryptophan-modi f y i  ng) (Dougl as e t  a l .  , 
1984) and t e t r a n i  tromethane ( t y r o s i  ne-modi f y i ng )  (Douglas e t  a l .  , 1984) 
w i  t h  g lyoxa l  ase I I  d i d  no t  1 ead t o  i n a c t i v a t i o n  o f  t he  enzyme, these 
resu l  t s  appear t o  i nd i ca te  t h a t  s e r i  ne, cysteine,  t ryptophan and 
t y r o s i  ne are  not  c ruc i  a l  f o r  ca ta l  y s i  s whereas ami no ac i  d modi f i  c a t i  on 
s tud ies  u t i l i z i n g  methylene b lue and d i e t h y l  pyrocarbonate resu l t ed  i n  
enzyme i n a c t i  v a t i  on i n d i c a t i v e  o f  t he  presence o f  a c r u c i  a l  
h i s t i d i n y l ( s )  which may e x i s t  w i t h i n  the  a c t i v e  s i t e  (F igure 10). 
Recently the  overexpression o f  g lyoxa l  ase II by Ridderstrom and co- 
workers has been reported and the  ready avai  l ab i  l i t y  o f  subs tan t i  a l  
quant i  ti es of the enzyme f o r  s t r u c t u r a l  s t ud i  es shoul d eventual 1 y 1 ead 
t o  increased mechanistic in fo rmat ion  on t h i s  enzyme (Ridderstrorn e t  a l . .  
1996). 





mande la te 
Figure 10. Hypothetical ac t i ve  s i t e  f o r  g lyoxalase II as proposed by 
Bal 1 and Vander Jagt (Ba l  1 and Vander Jagt, 1981). 
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7. Glyoxalase III: A Novel Enzyme Capable o f  Direct Conversion o f  
Methylglyoxal in to  D-Lactate 
Recent work by Misra  e t  a l . ,  has shown t h a t  an enzyme capable o f  
transforming methyl g lyoxa l  and phenyl g lyoxal  i n t o  t h e i  r respect ive a- 
hydroxycarboxyl i c  ac ids  w i thou t  the  requirement f o r  g l  u ta th ione ex i  s t s  
i n  wi ld- type E. coli K-12 (Misra e t  a l . ,  1995). Substrate s p e c i f i c i t y  
studies i ndi cated t h a t  only methylgl yoxal and phenylgl yoxal cou1 d be 
enzymatical ly transforrned. Glyoxalase I I I  was found t o  be an a, 
homodimer wi th each subuni t  e x h i b i t i n g  a molecular weight o f  44 kDa. 
Optimal pH experiments d i d  no t  i nd i ca te  a sharp pH optima. Beiow pH 5.0 
enzymati c a c t i  v i  t y  decreased rap i  d l y  but  between pH 6 .O-8.0 enzyme 
a c t i v i  t y  was constant. Above pH 8.0 studies were performed using b o r i c  
aci d/sodi um borate and sodi um carbonate/sodi um bicarbonate and t he  
resu l t s  showed a moderate drop  i n  a c t i v i t y  o f  20-25% a t  pH 10.0. 
Glyoxalase I I I  has been found t o  be sens i t i ve  t o  t h i o l  -rnodifying 
reagents and rnay i n d i c a t e  t h a t  a c ruc i a l  su l fhydry l  i s requ i red for 
cata lys is .  This paper i s  t he  on ly  known r e p o r t  on the  existence o f  
glyoxalase I I I  from any organism. 
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8. Inhibi t ion Studies 
8.1 Inhibi t ion Studies wi th  Glyoxalase 1 f rom Sacchmomyces cerevisiae 
Previous s tud ies  from our labora to ry  and those o f  o ther  
researchers have dernonstrated t ha t  gl u t a t h i  one-qui none conjugates 
(Barnard and Honek, 1989; A l l en  et al., 1993; Barnard and Honek, 1994; 
Dougl as and Keysworth, 1994) and troponoi ds (der i  v a t i  ves o f  
cycl  oheptatr ienone) (Barnard and Honek, 1994) a re  good i nh i  b i  t o r s  o f  
yeast  g lyoxalase 1. I n  addi t ion,  these compounds have a l so  dernonstrated 
good antimal a r i  a l  a c t i  v i  t y  (Barnard and Honek, 1994) . Troponoi ds whi ch 
were the  most i n h i  b i  t o r y  t o  glyoxal ase 1 contained a hydroxyl  a t  t he  C-2 
p o s i t i o n  o f  t h e  t roponoid  r i ng ,  Based upon these resu l  t s ,  syntheses o f  
hydroxychavi co l  d e r i  v a t i  ves (Figure 11) were performed i n  the  1 aboratory 
o f  D r .  Judy Bol t o n  (Queen ' s  Univers i ty ,  Kingston. Ontar io)  and forwarded 
t o  us f o r  t e s t i n g  aga inst  yeast glyoxalase 1. None o f  t h e  compounds 
t es ted  were found t o  be good i n h i b i t o r s  o f  t h e  enzyme aga ins t  a GSH-MG 
hemimercaptal concent ra t ion o f  1.6 mM (Tabl e 8). Cornpounds such as 
catechol and reso rc i no l  have been shown t o  be poor i n h i b i t o r s  o f  
g lyoxa l  ase 1 (146) whi 1 e cornpounds such as 2-gl  u ta th i ony l  -l,+ 
benzoquinone and 2.3-bis-glutathionyl-1.4-naphthoquinone are  r e l a t i v e l y  
good i n h i b i t o r s  o f  yeast  glyoxalase 1. Perhaps the  p o s i t i o n i n g  o f  
gl uta th ione  on hydroxychavicol i s d i  sadvantageous f o r  b i  nd i  ng o f  these 
compounds t o  t he  enzyme. Cornpounds w i t h  hydroxyls adjacent t o  one 
another typi cal ly tend to form strong i ntramol ecul ar hydrogen bonds 
which may hinder interactions with the putative metal binding site o f  
yeast glyoxal ase 1. 
Figure 11. Structures of hydroxychavi col and gl utathi one adducts o f  
hydroxychavicol ; (a) hydroxychavi col ; (b) 3-gl utathionyl hydroxy- 
chavi col ; (c) 6-gl utathionyl hydroxychavicol ; (d) gl utathionyl-2- 
pyrogal 1 y1 -trans-but-2-ene. 
Table 8. I n h i b i t i o n  l e v e l  s (IC,) f o r  hydroxychavicol and analogues 
agai  n s t  yeast  g l  yoxal  ase Id.  
Compound 
Hydroxychavi col 
a. Assayed a t  25 O C  i n  50 mM potassium phosphate, pH 6.6. A MG-GSH 
hemimercaptal concentrat ion o f  1.6 mM was used i n  the  assay. 
IC, (mM) 
O. 73 
3 4 1  u t a t h i  onyl hydroxychavi co l  
6-Gl u t a t h i  onyl hydroxychavi co l  
8.2 I n h i b i t i o n  Studies w i t h  Glyoxalase II from Bovine Liver 
A number o f  g lu ta th ione  analogues were p rev i ous l y  t e s t e d  f o r  
i n h i  b i  t o r y  a c t i v i  t y  against bovine 1 i ver  g l yoxa l  ase II (Figure 12). Work 
by Hsu and Norton (hsu and Norton, 1983) and Bush and Norton (Bush and 
Norton, 1985) have shown t h a t  S-carbobenzoxy-L-glutathione and s i m i l a r  
d e r i v a t i v e s  a re  good i n h i b i  t o r s  o f  r a t  and human glyoxalase I I .  Under 
Our assay condi tons S-carbobenzoxy-1-gl u t a t h i  one was found t o  be a 
moderate i n h i  b i  t o r  o f  the enzyme frorn bovine 1 i v e r  (Barnard and Honek, 
1994). I n  order  t o  examine e l ec t r on i c  e f f e c t s  on t h e  i n h i b i t i o n  o f  
g l  yoxa l  ase I I  by S-carbobenzoxy-1-gl u t a t h i  one, several heteroatom 
s u b s t i t u t i o n s  (Figure 12) were tes ted  and eva l  uated as po ten t i a l  




poor inhibi tors o f  the enzyme (Table 9) .  The molecul e S- (N-benzyl- 
carbamoy1)-1-gl utathione caused only 20% inhibition a t  1.17 mM 
concentration. Transitions from d i  thiocarbarnoyl t o  carbamoyl t o  
carbobenzoxy resul ted i n  decreased double bond character from R-NH-CS-R' 
to  R-NH-CO-R' to R-O-CO-R 
character wi 11 resul t in 
carbobenzoxy-L-gl utathion 
(Sundstrom, 1967). A decrease i n  double bond 
ncreased rotational freedom which may allow S- 
t o  " f i t t '  bet ter  i n t ~  the enzyme active s i te  
and may expl ain i t s  inhibitory act iv i ty  when compared t o  
benzyl thiocarbarnoyl and benzyl carbamoyl analogues. 
R - C S N  R-CSKH R-CSNH 
Figure 12. Analogues o f  S-carbobenzoxy-L-glutathione tes ted  against  
bovi  ne 1 i ver  g l  yoxal  ase II (Barnard and Honek, 1994) ; (a) S-carbobenzoxy 
-L-g1 utathione;  (b) S -  (N-phenethyl thiocarbamoyl ) -L-g1 utath ione;  (c) S- 
(N-benzyl t h i  ocarbamoyl ) -1-gl u t a t h i  one; (d) S- (N-phenyl thiocarbarnoyl ) 4- 
g l  utathione;  (e) S-(N-m-tolyl thiocarbarnoyl) -L-g1 utathione; ( f )  S- (N-p- 
t o ly l  thiocarbamoyl )-L-g1 utathione; (g) S- (N-benzyl carbarnoyl ) -L-  
gl u t a t h i  one. 
Table 9. Glu ta th ione analogues as i n h i b i t o r s  o f  bovine glyoxalase I I  
(Barnard and Honek, 1994). 
S-Carbobenzoxy-L-gl u ta th ione 1 180 
S-(N-Phenethyl thiocarbamoyl) -1- 
g l  u ta th ione  
S- (N-Benzyl t h i  ocarbamoyl ) -1- 
g lu ta th i one  
- - - - - - - - - - - - - - - - 
S- (N-Phenyl thiocarbamoyl ) -L- 
g lu ta th i one  
S- (N-m-Tol y1 thiocarbamoyl ) -1- 
g lu ta th i one  
S- (N-p-Tolyl thiocarbamoyl) -L- 
g l  u t a t h i  one 
a. Standard e r r o r s  are  5 10% o f  values shown; b. N I  - not  i n h i  b i  tory.  
9. Research Goals 
Work on the  mechanist ic and s t r u c t u r a l  aspects o f  t h e  g lyoxa lase 
enzyme system can a t  bes t  be considered minimal espec ia l l y  when compared 
t o  work performed on human and yeast  glyoxalase 1. To achieve a b e t t e r  
understanding o f  E. c o l  i glyoxalase 1 as wel l  as the g lyoxa lase 1 
mechani sm i n  general , we proposed t o  i sol  a t e  and charac te r i ze  t h e  enzyme 
i n  terms o f  mechanist ic and s t r u c t u r a l  features. There e x i s t  a number of  
i nh i  b i  t o r s  o f  yeast g lyoxa l  ase 1 whi ch woul d be i n t e r e s t i  ng t o  eval uate 
aga ins t  E. coli glyoxalase 1 t o  determine i f  comnon t rends e x i s t  between 
the  enzyme from the  two sources. S i te -d i rec ted  mutagenesis s tud ies  would 
a l l o w  f o r  t h e  generat ion o f  mutants whose proper t ies  would be 
i n t e r e s t i n g  t o  compare w i t h  the w i ld - t ype  enzyme and these mutant 
p ro te i ns  may a i d  i n  t he  e l uc i da t i on  o f  c ruc i a l  residues i n  E. coli 
g lyoxa l  ase 1 c a t a l y s i  S. An overexpression system making avai  1 ab1 e 
s u f f i c i e n t  quanti t i e s  o f  g lyoxal  ase 1 f o r  c r ys ta l  lograph ic  s tud ies  was 




Ace t i c  a c i d  (BDH) 
Acry l  amide (Bi O-Rad) 
Ammoni um Persul f a t e  (Bio-Rad) 
Ammonium su1 f a t e  (Enzyme grade, Schwarz-Mann Biotech) 
A m p i c i l l i n  (Sigma) 
Azocol lm (Cal b i  ochem) 
B i  oLyte 3-10 (Bio-Rad) 
Bo r i c  a c i d  (Sigma) 
Bovi ne Serum A l  bumi n ( S i  gma) 
Brornophenol b l  ue (Sigma) 
Cal c i  um ch1 o r i  de d i  hydrate  (Fi  sher Sci e n t i  f i  c)  
Carbenici  11 i n  (Sigma) 
60 U/mg a-Chymotrypsin Type II from Bovine Pancreas (Sigma) 
Cobalt  (1 1) ch1 or ide  hexahydrate (Fi  sher Sci e n t i  f i  c) 
Coomassi e B r i  1 1 i ant Bl  ue 6-250 (Sigma) 
Coornassie B r i l l  i a n t  Blue R-250(Sigma) 
3- (Cycl ohexyl ami no) +propane su1 f o n i  c acid ( I C N  B i  ochemi ca l  s)  
Di  e t h y l  pyrocarbonate (Sigma) 
Dimethyl su1 f o x i d e  (American Chemi ca l  Ltd) 
E l  h a n  ' s reagent (Boehri nger Mannheim) 
1-Ethyl -3- (3-dimethyl aminopropyl ) carbodi i m i  de (Sigma) 
Ethyl  enedi ami ne t e t r a a c e t i  c ac i  d ( S i  gma) 
Ethyl  enegl y co l  - b i  s- (2-ami noethy l  e the r )  -N,Nf-tetraaceti  c a c i  d 
(Boehri nger Mannheim) 
Forma1 dehyde (Sigma) 
Formic a c i d  (American Chemical s Ltd.) 
G l  u t a r a l  dehyde, 25% sol u t i o n  (Spectrum Chemical s;  Sigma) 
G l  u tath ione,  reduced (Sigma) 
Glycerol  (BDH) 
Glycine, u l t r a  pure ( I C N  Biochemi ca l  s )  
Glyoxalase 1, Grade X from yeast  (Sigma) 
Glyoxalase II, Bovine 1 i v e r  (Sigma) 
S-Hexyl g l  u t a t h i  one agarose (Sigma) 
H i s t i d i ne ,  f r e e  base (Sigma) 
HTP Econo-Pac CHT- I I  (Bio-Rad) 
N,N-bis(2-Hydroxyethy1)glycine (Sigma) 
Imi  dazol e ( I C N  B i  ochemi ca l  s) 
Iodoacetami de, c r y s t a l  1 i ne (Sigma) 
S-D-Lactoylgl u ta th ione  (Sigma) 
Lysozyme from bacteriophage h (courtesy Henry Duewel) 
Magnesi um ch1 o r i  de hexahydrate (BDH) 
Manganese (II) ch1 o r i d e  te t rahydrate  (F i  sher S c i e n t i f i  c )  
a-Mercaptoethanol (Sigma) 
Mercury (1 1) ch1 o r i  de (Sigma) 
N,N ' -Methylene-bi s-acry l  amide (Bio-Rad) 
Methyl gl yoxal (Sigma) 
Mol ecul a r  weight markers (Pharmaci a) 
Mono P HR 5/20 (Pharmacia) 
Mono Q HR 515 (Pharmacia) 
2- (N-Morpho1 i no )  ethanesul f on i  c ac i  d (Sigma) 
3- (N-Morpho1 i no) propanesul fon ic  ac id  (Sigma) 
N icke l  ( I I )  ch1 o r i d e  hexahydrate (Fisher S c i e n t i f i c )  
N i  c o t i  nami de adeni ne d i  nucl eo t i  de, ox i  d i  zed (Sigma) 
Ni c o t i  nami de adeni ne d i  nucl  eo t i  de phosphate, reduced (Sigma) 
S-Octyl g l  u t a t h i  one agarose (Sigma) 
Phast-Gel , b u f f e r  s t r i p s  (Pharmacia) 
Phast-Gel s, Hornogenous 20, High Densi t y  (Pharmacia) 
Phenylmethanesul fony l  f l  uoride (Boehri nger Mannheim) 
Phenyl -Superose HR 10/10 (Pharmaci a) 
Phosphoric a c i d  (J .T. Baker Chernical s) 
PM- IO membranes (Ami con) 
Pol ybuf fer  74 (Pharmaci a) 
Pol yv i  n y l  idene d i  f 1 u o r i  de membranes (Pharmaci a) 
Potassium bromi de (J .T. Baker Chemical s)  
Potassium ch lo r ide  (J.T. Baker Chemicals) 
Potassium phosphate, monobasic (J .Te Baker Chemical s)  
Q-Sepharose Fast F l  ow (Pharmaci a) 
S i  1 v e r  n i t r a t e  (J. T. Baker Chemi cal s) 
Sodi um aceta te  (BDH) 
Sodi um bromide (J .T. Baker Chemi cal s)  
Sodi urn carbonate (BDH) 
Sodi um ch1 o r i  de (BDH) 
Sodi um dodecyl phosphate (Bio-Rad) 
Spectra/Por@ d i  a l y s i  s membranes, 12-14 kDa MWCO (Spectra/Por) 
Sodium t h i o s u l  f a t e  (Ameri can Chemical s Ltd.) 
Streptomyci n su1 f a t e  
Superdex 75 HR 10130 (Pharmacia) 
T r i s  (hydroxymethyl ) ami nomethane ( I C N  Biochemi ca l  s) 
N,N, N',Nt-Tetramethyl ethyl enedi ami ne (Bio-Rad) 
Thiamine ( I C N  Biochemi c a l  s )  
T r i  ch1 oroacet i  c ac i  d (Ameri can Chemi ca l  s, L t d  .) 
Tryps i  n ( S i  gma) 
Tryptone ( D i  fco) 
Uraci 1 (Kodak) 
Yeast Extract  (Di fco )  
Zinc ch lor ide  (J.T. Baker) 
Zinc sulfate (J.T. Baker) 
Equi pment 
Ami con Ul t r a f i  1 t r a t i o n  u n i t  (Ami con) 
Beckmann mode1 52-21 c e n t r i  fuge (~eckrnann) 
Beckmann JA- 14, JA-20 r o t o r s  (Beckmann) 
Cary13 UV-V IS  spectrometer (Var i  an) 
Centr i  con concentrators,  10 kDa cu t -o f f  (Ami con) 
Fas t  P ro te i  n  L i  qu id  Chromatography u n i t  (Pharmacia) 
French Press (Carver Laboratory Press) 
I E C  Centra-7R Cent r i  fuge (IEC) 
M i  n i  -Trans-bl o t  El ec t rophore t i  c Transfer Ce1 1 (Bi  O-Rad) 
M i  n i  Protean II U n i t  (Bio-Rad) 
Phast Systern Separat i  on and Devel opment Uni t (Pharmaci a )  
Porton M i  cro-sequencer mode1 2090 (Porton) 
Preparat i  ve I soe l  e c t r i  c Focusi ng Un i t  (Rotofor) (Bi O-Rad) 
Soni ca to r  W-225 (Heat Systems-Ul tasoni CS Inc.) 
T r i  p l  e  quadrupol e mass spectrorneter (Fi sons VG Quat ro  I I )  
1. Enzyme and Substrate Assays and Analyses 
1.1 Met hyl gl yoxal Dehydrogenase 
The assay mix ture (1.0 mL t o t a l  volume) f o r  methylglyoxal  
dehydrogenase consi sted o f  20 mM methyl glyoxal , 5.0 rnM NAD', 100 mM 
potassium phosphate (pH 8.0) and enzyme. A c t i v i t y  was determined a t  25 
"C by measuring t he  increase a t  340 nm due t o  reduct ion o f  NAD' t o  NADH 
(Rhee e t  a l .  , 1987a). 
1.2 Methyl gl yoxal Reductase 
The assay mix ture (1.0 mL t o t a l  volume) f o r  rnethylglyoxal 
reductase consisted o f  20 mM methylglyoxal, 0.15 mM NADPH, 100 mM sodium 
acetate (pH 6.6) and enzyme. A c t i v i  t y  was determi ned a t  25 "C by 
measuring t he  decrease i n  340 nm due t o  ox idat ion o f  NADPH t o  NADP' 
(Rhee e t  a l .  , 1987a) . 
1.3 Glyoxalase 1 
The assay mix ture ( t o t a l  vol  urne o f  3.0 mL) f o r  glyoxal  ase 1 
consisted o f  27 mM rnethylglyoxal, 1.8 mM glutathione, 50 mM degassed 
potassi um phosphate buffer (pH 6.6) and enzyme. Ac t i  v i  t y  was determi ned 
a t  25 O C  by measuri ng the  increase a t  240 nm due t o  S-0-1 ac toy l -  
gl utath ione format ion (Uoti  1 a, 1973; Barnard and Honek, 1989). 
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1.4 Succharomyces cerevisiae Glyoxalase I Inhi bi tor Assays 
The UV spectrum o f  S-D-lactoylgl u ta th ione was measured i n  t he  
presence and absence o f  var ious po ten t i a l  i n h i b i t o r s .  Spectrophotometric 
s tud ies  were perforrned a t  1.6 mM hemimercaptal ( w i  t h  o r  w i  t hou t  
i n h i  b i t o r  as necessary; GSH and MG were a l  lowed t o  e q u i l  i bra te  f o r  15 
minutes before  t h e  a d d i t i o n  o f  enzyme) (Barnard and Honek, 1989; Barnard 
and Honek, 1994). Enzymatic react ions were i n i t i a t e d  by t h e  add i t i on  o f  
0.23 U/mL o f  yeast  g lyoxa l  ase 1. Reactions were quenched w i  t h  the 
add i t i on  o f  tri ch1 o roace t i c  ac id  (TCA) (220 mM f i n a l  concentrat ion) and 
so lu t ions  d i l u t e d  10- fo ld  w i t h  50 mM potassium phosphate b u f f e r  (pH 6.6) 
and absorbance a t  240 nm measured. A l 1  measurements were perforrned a t  25 
'C i n  t r i p l i c a t e .  Cont ro ls  t o  c o n f i n  t h a t  TCA d i d  n o t  degrade S-D- 
1 actoyl  g l  u ta th ione  under t he  above cond i t ions were performed. 
1 . 5  Glyoxalase LI Inhibitor Assays 
Glyoxalase I I  assays were based upon a  mod i f i ca t i on  of the method 
o f  Pr inc ipato  e t  a l .  ( ~ r i n c i p a t o  e t  oz., 1987b). The assay mixture  
contained i n h i b i t o r  (1 PL), 0.85 mL 100 mM potassium phosphate b u f f e r  
(pH 6.6) con ta in ing  0.2 rnM Ellman's reagent, 0.1 mL S-D-lactoyl -  
g lu ta th ione  and t h e  r eac t i on  was i n i t i a t e d  by 0.05 mL o f  glyoxalase. GSH 
format ion was rnonitored a t  412 nm by f o l l o w i n g  the r a t e  o f  product ion o f  
t h i o n i  trobenzoate. The i n i t i a l  concentrat ion o f  S-D-1 ac toy l g l  u ta th ione 
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was 1.6 mM. I t  was necessary t o  perform i n h i b i t i o n  s tud ies  a t  pH 6.6 t o  
mi n imize hyd ro l ys i  s o f  thiocarbamoyl and carbamoyl compounds . Compound 
hydro lys is  under these cond i t ions amounted t o  less  than 0.1% o f  the  
i n i t i a l  concent ra t ion over t he  course o f  15 minutes. Compounds tes ted  
were d isso lved i n  dimethyl su l fox ide  (DMSO) and d i 1  u ted  t o  the des i red 
concent ra t ion w i  t h  bu f f e r .  DMSO accounted f o r  1 ess than 5% vo l  /vol and 
d i d  no t  a f f e c t  enzyme a c t i v i  t y .  
1.6 & and V,, Studies 
The f o l l o w i n g  equat ion was used t o  determine hemimercaptal 
concent ra t ions (Vince e t  0 1 .  , 1971; Vander Jagt e t  a l  . , 1972) : 
K, = 3.1 mM = ([MG - x][GSH - x])/ [x] 
where [x] = hemimercaptal concent ra t i  on 
Assay mixtures (1.0 mL t o t a l  volume) contained e i t h e r  0.1 mM (2.43 mM MG 
and 0.229 mM GSH) , 0.15 mM (3.66 mM MG and 0.28 mM GSH) , 0.2 mM (4.85 rnM 
MG and 0.33 mM GSH), 0.3 mM (8.11 rnM MG and 0.42 mM GSH), 0.545 mM 
(12.17 mM MG and 0.61 mM GSH) , 1.12 mM (24.27 mM MG and 1.27 mM GSH) o r  
2.85 mM (60.85 mM MG and 3.0 mM GSH) hemimercaptal i n  50 mM potassium 
phosphate (pH 6.6). G l  u t a t h i  one and rnethyl g lyoxal  were al 1 owed t o  
e q u i l i b r a t e  fo r  15 minutes before t h e  add i t i on  o f  g lyoxa lase 1. 
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Reactions were i n i t i a t e d  by the  add i t i on  o f  E. co l t  glyoxa lase 1 (1 
L )  . P r i o r  t o  i n i t i a t i o n  o f  enzyme reaction. E. coli glyoxa lase 1 was 
incubated w i t h  NiCl, ( f i n a l  concentrat ion o f  20 mM) f o r  20 minutes a t  4 
OC. The presence o f  N i C l ,  was a l  so tested and found no t  t o  chemi ca l  l y  
a l  t e r  the  product  format ion o r  degradation i n  the  absence o f  enzyme. 
1.7 Methyl glyoxal Purification and Analyses 
Comerc i  a l  1 y avai 1 ab1 e 40% aqueous sol  u t ions  o f  methyl g l  yoxal  were 
d i s t i l  led under atmospheric pressure and t he  f r a c t i o n s  which d i  s t i  11 ed 
between 92 O C - 9 6  O C  were co l  1 ected and analyzed f o r  methyl g l  yoxal  
content. Analyses were performed w i t h  mod i f i ca t ion  o f  the method o f  
Gawehn (Gawehn, 1985). The reference cuvet te contained 3 .O2 mL o f  50 mM 
potassium phosphate bu f fe r  (pH 6.6). 50 p L  o f  30 mM GSH and 20 pL  o f  
50- fo ld  d i l u t e d  stock methylg lyoxal  . The reac t ion  cuve t te  con ta i  ned 3.00 
mL o f  bu f f e r ,  50 yL o f  GSH and 20 p L  o f  Grade X yeast glyoxa lase 1 
(0.66 mg/mL) . The d i l u t e d  methylglyoxal(20 PL) was added t o  t h e  
reac t ion  cuve t te  and format ion o f  product was monitored a t  240 nm. Al 1 
measurements were performed a t  25 OC. 
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1.8 G l  utathione Assays 
Reduced g l u t a t h i o n e  s o l u t i o n s  were prepared by d i s s o l v i n g  50 mg o f  
GSH p e r  mL o f  degassed 50 mM potassium phosphate bu f fe r ,  pH 7.4. 
A 3 600- fo ld  d i l u t e d  a l i q u o t  o f  t he  s tock  s o l u t i o n  was t i t r a t e d  w i t h  5 
pL o f  323 mM El lman's reagent (Ellman, 1959). The fo rmat ion  o f  2- 
n i t r o t h i o b e n z o a t e  a t  412 nm (E, = 14 150 ~-'-cm-') ( C o l l i e r ,  1973) was 
moni to red u n t i l  no f u r t h e r  increase was noted w i t h  successive a d d i t i o n s  
of  E l  1 man ' s reagent and the  absorbance read i  ngs were recorded. Al 1 
measurements were performed a t  25 OC. 
1.8 Azocollu Analyses for the Presence o f  Proteases 
Azoco l l "  i s  an i n s o l u b l e  pro te in -dye conjugate which can be 
hydrol  yzed by  var ious  proteases t o  y i  e l  d s o l  ub l  e, co l  ored pep t ide  
fragments w i  t h  a c h a r a c t e r i s t i c  absorbance a t  520 nm (Chavira e t  al. , 
1984). Azoco l l "  (50 mg) was suspended i n  50 mM potassium phosphate 
b u f f e r ,  pH 7.0 (Chavira e t  a l . ,  1984). For t h e  blank, azoco l l  was 
suspended i n  5.0 mL o f  bu f fe r .  For PMSF-treated samples, 4.0 mL o f  
b u f f e r  was used t o  suspend t h e  azocol lm and 1.0 mL o f  sample was added. 
Simi l a r l y ,  p r o t e i n  sample which had n o t  been exposed t o  PMSF was added 
t o  an a z o c o l l "  suspension. As a p o s i t i v e  c o n t r o l  , 200 pg o f  
chyrnotrypsin ( type I I ,  bovine pancreas; 12U) was added t o  4.0 mL o f  an 
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azocol lN suspension. A l1  samples were incubated w i t h  shaking a t  37 "C 
f o r  30 minutes. A t  the  end o f  30 minutes samples were f i l t e r e d  through 
pasteur p i pe t t es  whi ch had been p l  ugged w i  t h  g l  ass wool . Absorbance 
readings a t  520 nm were performed on the  co l l ec ted  f i l t r a t e s .  
2. Organi sms and Growth Condi ti ons 
2.1 Wild-type E. colt  MG1655 
A s i n g l e  colony o f  E. coli MG1655 ( -  F-) (Jensen, 1995) was 
p re i  nocul ated i n  10 mL o f  autocl  aved s t e r i  1 i zed  Lur i  a-Bertani  (LB) 
growth medium (10 g t ryptone,  10 g NaCl and 5 g yeast  e x t r a c t  per l i t r e )  
a t  37 OC overnight .  The overnight  c u l t u r e  was then d i l u t e d  1: 100 i n t o  
f resh medium (990 mL) and incubated a t  37 OC w i t h  shaking f o r  
approximatel y 7 hours . 
2.2 DHSa contai ning pDMl 
DH5a (supE44, AZacU169 ($8OlocZAMl5), hsdR17, recAl, endAl ,  
gyrA96, th i -1 ,  r e l A l )  conta in ing the  pDMl plasmid was t r e a t e d  i n  a 
s i m i l a r  manner as E. c o l  i MG1655 organism w i  t h  t he  except ion t h a t  50 mg 
o f  ampi c i  11 i n  was added per  1 i t r e  o f  growth medium. 
2.3 DF502 containing pDM7 
DF502 (goZK35, A-, edd-1, his-68, rpsL125,  ~ ( rhaD- tp iA)  269, 
purD34, pfkB1) (Strauss and G i  1 ber t ,  1985) contai  n i  ng pDM7 was grown i n  
medium cons is t ing  o f  LB media (900 mL) supplemented w i t h  25 mL o f  1.6 
mg/mL h i s t i d i ne ,  25 mL o f  0.04 mg/mL thiamine, 25 mL o f  0.064 mg/mL 
ZnSO,, 25 mL o f  8% g lycero l  , 40 mg u rac i  1 and 50 mg carbeni c i  Il i n  
(Babul , 1978; Pahel e t  al. , 1979; A l  ber  and Kowal s k i  , 1982) . 
A s i n g l e  colony was preinocul  ated i n t o  10 rnL o f  the  suppl emented 
LB media a t  37 O C  overn ight  w i t h  shaking. The overn igh t  cu l t u re  was 
d i l u t e d  1:100 i n t o  f r esh  medium (990 mL) and was incubated a t  37 O C  w i t h  
shaking f o r  approximately 9 hours. 
3. Ce11 Harvesting and Storage 
Ce1 1 s  were harvested by cen t r i f uga t i on  a t  1 5  300 x g (Beckmann JA- 
14 ro to r ) ,  4 O C  f o r  approximately 10 minutes. A f t e r  t he  growth media had 
been decanted from t h e  ce l l s ,  the  c e l l s  were resuspended i n  d i s t i l l e d -  
dei  onized water and c e n t r i  fuged agai n under the  aforementioned 
condi t ions.  Ce l l s  which where t o  be s tored were r a p i d l y  frozen i n  1 i q u i d  
n i  trogen and stored a t  -80 OC. 
4. Ce1 1 Breakage 
4.1 Sonication 
Ce1 1 s were d is rup ted  by son ica t ion  using a  Sonicator  W-225 (Heat 
Systems-Ul t rason i  C S ,  Inc .) . Ce1 1 s were resuspended i n 20 mM 
tris(hydroxymethyl)aminomethane (TRIS) ,  pH 7.0 (1.0 g o f  ce1 1 s  pe r  10 mL 
TR IS  b u f f e r )  . I n  order  t o  con t ro l  temperature du r i  ng hornogeni z a t i  ons , 
the  beaker conta in ing t h e  resuspended c e l l s  was maintained i n  an i c e -  
bath. Ce1 1 s  were pu1 se sonicated f o r  one minute (70% duty cyc l  e) . A f t e r  
the  i n i t i a t i o n  o f  son icat ion,  s u f f i c i e n t  phenylmethanesul fony l  f l  uo r i de  
was added such t h a t  t he  f i n a l  concentrat ion was 1.0 mM. To rernove ce1 1 
debr is  the l y s a t e  was c e n t r i  fuged a t  12 100 x g (Beckmann JA-20 r o t o r ) ,  
4 O C  f o r  10 minutes. 
Dependi ng upon t h e  p u r i  f i  c a t i o n  protocol  , the supernatant had 
suf f i  c i  en t  g l ycero l  added such t h a t  t h e  f i  na1 g lycero l  concen t ra t i  on was 
30% vo l /vo l .  
4.2 French Press 
Ce l l s  which were t o  be d is rup ted  by French Press were resuspended 
i n  cooled 50 mM potassium phosphate, pH 6.6 (1.0 g o f  ce1 1  s pe r  10 rnL of 
phosphate bu f f e r ) .  Cells were d is rup ted  a t  a pressure o f  10 000 pounds 
p e r  square inch. Af ter  t h e  l y s a t e  had been co l lec ted  w i t h  cool i n g  i n  an 
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i c e  bath. PMSF dissolved i n  1 mL o f  acetone was added t o  a f i n a l  
concentrat ion o f  1.0 mM. To remove ce11 debris, the  l y s a t e  was 
cen t r i fuged  a t  12 100 x g (Beckmann JA-20 r o t o r ) ,  4 O C  f o r  10 minutes. 
5 .  Removal o f  Nucleic Acids 
5 . 1  MnCl, Precipi tation 
P r e c i p i t a t i o n  o f  nuc le i c  acids was achieved by mix ing 40 mL o f  0.5 
M MnC1, per 9 400 mg o f  t o t a l  p r o t e i n  (Chiu and Fengol d, 1969) . The 
mix ture  was allowed t o  s t i r  g e n t l y  overn ight  a t  4 OC. The p r e c i p i t a t e  
was removed by cen t r i f uga t i on  a t  12 100 x g (Beckmann JA-20 r o t o r ) ,  4 
f o r  15 m i  nutes and the supernatant kept f o r  f u r t he r  p u r i  f i  c a t i  on. 
5.2  Streptornycin Sul fa te  Precipitation 
Fresh ly  prepared 10% wt /vo l  streptomycin s u l f a t e  was added w i t h  
s t i r r i n g  t o  t he  supernatant (30 p L  o f  streptomycin per  mL supernatant).  
This amount y ie lded  a f i n a l  streptomycin concentrat ion o f  0.3% wt/vol . 
The suspension i s  allowed t o  s t i r  a t  4 O C  f o r  10 minutes and then 
cent r i fuged a t  12 100 x g (Beckmann JA-20 ro to r ) ,  4 O C  f o r  30 minutes 
(Kapl an. 197 1) . 
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5.3 Protamine Sul f a t e  Precipi t a t i o n  
Approximately 5 mg of protamine sul fa te  was added per gram of 
protein in solution and l e f t  t o  s t i r  overnight a t  4 O C  (Scopes. 1987). 
Precipi t a t e  was removed by centrifugation a t  12 100 x g (Beckmann JA-20 
ro tor ) ,  4 O C  f o r  10 m i  nutes. 
6. Ammonium Sul f a t e  Precipi tation o f  Proteins 
The quanti t i e s  o f  ammonium sulfate  required t o  precipi t a t e  
proteins were based upon information derived from Scopes (Scopes, 1987) . 
For a 0%-30% fract ion approximately 16.6 g i s  required per 100 mL o f  
protein sol ution. For a 30%-60% fraction an additional 18.4 g i s  
requi red per 100 rnL of 30% ammonium sulfate  protei n sol ution. The 
ammonium su l fa te  was added to  protein solutions (kept a t  4 O C  on ice)  
with gent le  s t i r r i n g  over the course of 45 minutes. After  a l  1 the  sol id 
ammonium s u l f a t e  was added, a further s t i r r ing  time of 30 minutes was 
allowed. Pel le ts  were isolated by centrifugation (22 100 x g; Beckmann 
JA-20 rotor) ,  4 O C  for 15 minutes and stored a t  -20 O C .  
7. Col umn Chromatography and Puri f i  c a t i  on Protocol s 
7.1  Q-Sepharose Fast F l  ow Column 
Loading of t he  Q-Sepharose f a s t  Flow Column (1 cm x 30 cm) was 
performed a t  a f l  ow r a t e  o f  1.0 mL/min a t  room temperature. Vol Ume o f  
appl i c a t i o n  was dependent upon the  quant i  t y  o f  ce1 l s d is rup ted  b u t  
t y p i  ca l  l y  va r i ed  between 30-50 mL. 
The f a s t  performance 1 i q u i  d chromatography (FPLC) system 
(Pharmacia) u t i l  i zed  was a dual pump system (Pump A and Pump B) . In t h i  s 
p u r i f i c a t i o n  step Pump A contained 20 mM TRIS, 30% g l yce ro l  , pH 7.0 and 
Pump 6 contained 20 mM TRIS, 1 M KC1, 30% g l yce ro l ,  pH 7.0. A f t e r  t he  
contents o f  the  Superloop loading column had been appl i e d  t o  t he  column 
u t i l i z i n g  t he  b u f f e r  i n  pump A, washing was continued u n t i l  a decrease 
i n  280 nm absorbante had occurred and a s t a b l e  base l ine had been 
achieved. The grad ient  was app l ied a t  a r a t e  such t h a t  t he  sa1 t 
concent ra t ion grad ient  increased a t  a r a t e  o f  10 mM/min. Th is  ensured 
t h a t  p ro te i ns  were not  shocked from the  column. I t  was necessary t o  
ma in ta in  a wash o f  1 M KC1 f o r  60 minutes t o  e l u t e  t i g h t l y  bound 
p ro te i ns  (Table 10). The p ro te i n  f r a c t i o n s  were measured f o r  a c t i v i  t y  
and were pool ed. 
f a b l e  10. FPLC protocol  se t t i ngs  f o r  the i s o l a t i o n  o f  p ro te i ns  f r om t he  












7.2 Mono Q Ion-Exchange Coiumn 
P r i o r  t o  col umn loading, sampl es were d i  alyzed us ing Spectra/Por@ 
12-14 kDa molecular weight c u t o f f  d i a l y s i s  tubing (2 x 1 L, 12 hr, 4 'C) 
against  20 mM TRIS. pH 7.0. D i a l y s i s  tub ing  was prepared by b o i l  i n g  
f r esh  d i a l y s i s  tub ing i n  250 rnL o f  M i l  1  i-Q water f o r  15 minutes. 
Dialyzed p ro te i n  sarnples were appl i e d  t o  an anion exchange Mono Q HR 515 
(0.5 cm x 5 cm) col  umn t h a t  had been equil i brated w i  t h  20 mM TRIS,  pH 
7.0 (Buf fer  A ) .  Proteins were eluted with an increas ing sa1 t 
concentrat ion gradSent (Buf fer  A + 1 M KC1; B u f f e r  B; b u f f e r s  maintained 
a t  4 OC on i ce )  and assayed f o r  g lyoxa l  ase 1 a c t i v i  ty.  Fract ions were 
co l  l ec ted  a t  room temperature but  s tored imnediately a t  4 OC. 














Table 11. FPLC pro toco l  settings f o r  i s o l a t i o n  of p ro te i ns  f r o m  the Mono 
Q co i  umn. 
0.0 
0.0 
II 90.0 1 CONC %B 1 40.0 
- - - . - - 
0.0 
0.0 
5.  O 
10.0 









, CONC %B 
7 . 3  Mono P Column Chromatography 







Sampl es whi ch were t o  undergo chromatofocusi ng were d i  alyzed us i  ng 
Spectra/Por@ 12-14 kDa molecular weight c u t o f f  d i a l y s i s  t ub i ng  ( 2  x 1 L, 
12 hrs, 4 OC) aga ins t  25 mM h i s t i d i n e  (pH 6.4) b u f f e r .  D i a l y s i s  tub ing 
was prepared by b o i l  i n g  f resh  d i a l y s i s  tub ing  i n  250 mL o f  M i l  1 i-Q water 
f o r  15 minutes. Dia lyzed samples were then appl i e d  t o  a Mono P HR 5/20 
(0.5 cm x 20 cm) colurnn which had been p rev ious ly  e q u i l i b r a t e d  w i t h  t h e  
25 mM h i s t i d i n e  b u f f e r  (pH 6.4). P ro te in  e l u t i o n  was achieved by the  






f o l d  d i l u t e d  Po lybu f fe r  74 (pH 4.0). A s p e c i f i c  program was no t  used 
s ince on ly  one pump o f  t he  FPLC was required.  However, t he  f l  ow r a t e  was 
maintained a t  0.5 mL/min and t he  char t  speed was 0.2 cm/min. Buf fers  
were maintained a t  4 O C  on ice.  Fract ions were co l  l ec ted  a t  room 
temperature b u t  s to red  immediately a t  4 O C .  
7.3.2 Mono P used as an Ion-Exchange Column 
Samples whi ch were t o  undergo ion-exchange were d i  a lyzed usi ng 
Spectra/Por@ 12-14 kDa molecular  weight c u t o f f  dialysis t ub ing  ( 2  x 1 L, 
12 hr .  4 OC) aga ins t  20 mM TRIS,  15% vo l / vo l  g lycero l  , pH 7.0. D i a l y s i s  
tub ing  was prepared by b o i l i n g  f resh  d i a l y s i s  tub ing i n  250 mL of M i l l i -  
Q water f o r  15 minutes. P ro te in  samples were appl i ed  t o  a  Mono P HR 5/20 
(0.5 cm x 20 cm) column which had been p rev ious ly  equ i l i b ra ted  w i t h  20 
mM TRIS,  15% vo l / vo l  g l yce ro l ,  pH 7.0. The eluting b u f f e r  cons is ted o f  
20 mM TRIS, 1 M KCI . 15% vo l /vo l  g l yce ro l  , pH 7.0. The r a t e  o f  increase 
i n  the sa1 t grad ien t  was 10 mM/min (Table 12). Buf fers  were mainta ined 
a t  4 OC on i ce .  Fract ions were co l  lected a t  room temperature b u t  s tored 
immediately a t  4 O C .  
Table 12. FPLC protoco l  se t t i ngs  f o r  the i s o l a t i o n  o f  p ro te i ns  from a 
Mono P chromatography column when used as an ion-exchanger. 
7.4 Superdex 75 Molecular Sieving Column 
Sampl es (200 pL maximum vol  urne) were 1 oaded ont0 a Superdex 75 HR 
10/30 (1 cm x 10 cm) co l  umn and were eluted wi th  150 mM potassium 
phosphate, pH 6.6, 15% vo l /vo l  g lycero l  . The f o l  lowing program was used 
t o  el u t e  p ro te i ns  from the col umn. Buffers were maintained a t  4 O C  on 
i c e .  Fract ions were co l l ec ted  a t  room temperature bu t  stored imrnediately 
a t  4 OC. 
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Table 13. FPLC p ro toco l  s e t t i n g s  f o r  e l u t i n g  p r o t e i n s  from a Superdex 75 
HR 10/30 c o l  umn. 
7.5 Phenyl -Superose Col umn 
Sol i d  ammonium su1 f a t e  was added t o  p r o t e i n  sampl es (50 mM 
potassium phosphate, pH 6.6) t o  g i ve  a f i n a l  concen t ra t i on  o f  2 M. 
Sampl es were appl i e d  t o  a Phenyl -Superose HR 10/10 c o l  umn (1 cm x 10 cm) 
which had been p rev ious l y  e q u i l i b r a t e d  w i t h  50 mM potassium phosphate, 
pH 6.6 and 2 M ammonium su1 f a t e  ( B u f f e r  A ) .  P r o t e i n s  were e l u t e d  f r o m  
t h e  column w i t h  a decreasing sa1 t g r a d i e n t  ( 2  M t o  O M) and M i  11 i -Q 
wate r  was t h e  fi na1 e l  uant ( B u f f e r  B) . The f o l  1 owing program was used t o  
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Table 14. FPLC protoco l  se t t i ngs  f o r  p ro te in  e l u t i o n  from t h e  Phenyl- 
Superose HR 10/10 column. 
7.6 Hydroxyapati t e  Col umn 
Pro te in  sarnples (1 mM potassium phosphate, pH 6.8; Bu f fe r  A) were 
loaded onto a HTP Econo-Pac CHT- I I  (Bio-Rad) (5 mL) column and eluted 
w i t h  inc reas i  ng potassium phosphate concentrat ions (400 rnM potassium 
phosphate, pH 6.8; Bu f fe r  B) . The fo l low ing  program was used t o  elute  
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Table 15. FPLC p ro toco l  se t t i ngs  f o r  e l u t i o n  o f  p ro te ins  from the  HTP 
Econo- Pac co l  umn . 
Time 
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7.7 S-Hexylgl utathione and S-Octyl gl  utathione A f f in i  ty  Chromatography 
Approximately 1 mL o f  swol len S-hexy lg lu ta th ione agarose o r  S- 
1.1 
O. 0 
o c t y l  gl u ta th ione  agarose was added t o  a d i  sposabl e Pasteur p t p e t t e  whi ch 
had been p l  ugged w i  t h  g l  ass wool . Gels were equi 1 i brated w i  t h  50 ML o f  
10 mM potassium phosphate, pH 6.6. P ro te in  samples (50 yL) were appl i e d  
t o  t he  column and washed w i t h  20 mL o f  10 mM potassium phosphate 
conta in ing 0.2 M KC1, pH 5.6. Attempts t o  e l u t e  g lyoxalase I f i r s t  w i  t h  
b u f f e r  con ta in ing  5.0 mM GSH and then w i t h  50.0 mM GSH proved 
i n e f f e c t i v e .  
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8. Concentration o f  Protein Sampl es 
For volumes g rea te r  than 10 mL, pro te ins  were concentrated by 
u l  t r a f i  1 t r a t i o n  (Amicon u n i t ,  PM-IO membrane). For vo l  umes o f  p r o t e i  n 
so lu t ions  1  ess than 10 mL, Centricon" concentrators (Amicon) w i t h  a 10- 
kDa MW c u t o f f  were cen t r i f uged  (IEC Centra-7R) a t  10 000 rpm t o  
concentrate p ro te i n .  
9. Protein B l o t t i n g  to PVDF Membrane for N-Terminal Sequencing and Amino 
Aci d Anal ysi S.  
The separat ing ge l  (20%) consisted of 1.025 mL M i l l  i - Q  water, 3.75 
mL o f  1.5 M TRIS (pH 8.8). 150 p L  o f  10% wt/vol sodium dodecyl su1 f a t e  
(SDS) , 10 mL o f  30% wt/vol acrylamide and 75  pL N,N,Nr,N'-  
tet ramethyl  e t h y l  enedi ami ne (TEMED) . The pol ymeri za t i on  r e a c t i  on was 
i n i t i a t e d  by 75 yL o f  10% wt/vol  ammonium persu l fa te .  The g e l  was cas t  
and a l  1 owed t o  polymerize overnight .  The s tack ing gel  (4%) cons is ted  o f  
6.1 mL M i l l i - Q  water, 2.5 rnL o f  0.5 M TRIS (pH 6.8). 100 pL  o f  10% 
wt/vol SDS, 1.3 mL o f  30% wt/vol acrylamide and 10 pL TEMED. The 
po lymer izat ion r eac t i on  was i n i t i a t e d  by 75 pL o f  10% wt /vo l  ammonium 
persu l fa te  and t h e  s tack ing gel cas t  on top o f  the separat ing gel  and 
a l  1  owed t o  po l  ymeri ze. 
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B l  o t t i n g  o f  p r o t e i n  bands present i n  SDS-polyacryl amide gel s onto 
po lyv i  ny l  i dene d i  f l  uor ide  (PVDF) membranes were conducted w i  t h  a 
modi f i  c a t i  on o f  the procedure descr i  bed by LeGendre and Matsudai r a  
(LeGendre and Matsudaira, 1989) w i  t h  t h e  a i d  o f  a m in i  Trans-blot 
e l  ec tophoret ic  t r a n s f e r  ce1 1 (Bio-Rad) . Before use, t h e  PVDF membrane 
(Pharmacia) was r i n s e d  w i  t h  absol u t e  methanol and then r insed  w i  t h  10% 
vol /vo l  methanol i n  10 mM CAPS, pH 10. The membrane and SDS- 
polyacrylamide ge l  were layered between two 3 mm Whatman papers. 
Transfer and b l o t t i n g  was conducted i n  a Mini  Protean I I  u n i t  (Bio-Rad) 
w i  t h  10 mM 3- (cyc l  ohexyl ami no) -1-propane su1 f o n i  c a c i  d (CAPS), pH 10 
conta in ing 10% vo l / vo l  absolute methanol as the b u f f e r .  A constant 
cur rent  o f  250 rnA was used f o r  the  e n t i  r e  dura t ion  o f  t h e  60 minute run. 
The PVDF membrane was t r ans fe r red  i n t o  a so l  u t i o n  o f  50% vo l  /vo l  
methanol /Mi l l i -Q water contain ing 0.1% Coomassie Blue R-250 f o r  5-10 
minutes. The membrane was then r insed  several t imes i n  50% vol /vol  
methanol/Mil l  i -Q water t o  remove excess dye. The membrane was r i nsed  
tw ice w i t h  M i l  1  i-Q water and was al lowed t o  a i r  dry .  
The p r o t e i n  band o f  i n t e r e s t  was excised f rom the  PVDF membrane 
and sent t o  t h e  Hospi ta1 f o r  S i  ck Chi 1 dren-Pharmaci a B i  otechnol ogy 
Centre, Toronto. N-Terrninal p r o t e i  n sequenci ng was performed w i  t h  on- 
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l i n e  PTH ana lys is  w i t h  a Porton gas-phase Micro-sequencer, mode1 2090. 
10. Characterization of E. coti Glyoxalase 1 
10.1 pH Stability 
The effect  o f  pH on E. col i glyoxalase I was examined using 
var ious bu f f e r s  over  t he  pH range o f  2.7 t o  10.8. Formate (50 mM; pH 
2.7-4.5) . aceta te  (50 mM; pH 3.5-5.7), 2-(N-morpho1 ino)ethanesul  f on i c  
a c i  d (MES) (50 mM; pH 5.4-6.6). 3- (N-morpho1 i no) propanesul f o n i  c ac i  d 
(MOPS) (50 mM; pH 6.4-7.9). N,N-bis(2-hydroxyethy1)glycine (B IC INE)  (50 
mM; pH 7.8-8.8). g l y c i n e  (50 mM; pH 8.7-10.8) and b o r i c  a c i d  (50 mM; pH 
8.0-10.1) were used i n  t h i s  study. Approximately 300 pg o f  glyoxalase 1 
was i ncubated w i  t h  t h e  aforementi oned bu f fe rs  over t h e  i nd i  ca ted  pH 
ranges f o r  15 minutes. A l  i quo ts  (10 PL) were removed a t  t he  end o f  t h e  
15 minutes and assayed f o r  format ion o f  S-D- lac toy lg lu ta th ione (1.6 mM 
hernimercaptal ; f i  na1 vo l  ume o f  3 .O mL) i n  50 mM potassium phosphate, pH 
6.6. 
10.2 Estimation of Isoelectric Point 
10 -2 .1  Preparati ve Isoel ectric Focusi ng 
The 30%-60% ammonium s u l f a t e  p e l l e t  was d ia lyzed overn igh t  against  
2 x 1 L of d i s t i  11 ed-deionized water con ta in ing  20% vo l /vo l  g l y ce ro l  . 
The volume o f  t h e  d i a l y sa te  was brought t o  approximately 50 mL (w i t h  20% 
vo l /vo l  g lycero l /water )  . BioLyte 3-10 (1.37 mL) was a lso  added t o  t he  
sample. The sample was then focused i n  t h e  preparat ive  i s o l e c t r i c  
focusing chamber (Rotofor. Bio-Rad) a t  constant power (12 W) f o r  
approximately 4-6 hours. Samples were harvested and t h e  pH o f  t h e  sample 
f r a c t i o n s  de ten ined .  Fract ions were d ia l yzed  against 2 x 1 L (12 h r ,  4 
OC) o f  50 mM potassium phosphate, pH 6.6. A f t e r  d i a l y s i s  samples were 
analyzed f o r  g l yoxa l  ase 1 a c t i v i  ty. 
10.2.2 Chromatofocusing over Mono P Column 
Glyoxalase 1 was d ia lyzed overn igh t  against  2 x 1 L (12 hr .  4 "C) 
o f  25 mM h i s t i d i n e ,  pH 6.2. The d i a l y s a t e  was app l ied t o  a Mono P HR 
5/20 column (0.5 cm x 20 cm) t h a t  had p rev ious ly  been equi 1 i bra ted  w i  t h  
t h e  aforcmentioned b u f f e r .  E l o t i o n  o f  the bound enzyme was achieved by a 
l i n e a r  g rad ien t  o f  the i n i t i a l  b u f f e r  and a 10- fo ld  d i l u t i o n  o f  
Po lybu f fe r  74 (pH 4.0). Fract ions were co l  1 ected and analyzed f o r  
g lyoxalase I a c t i v i t y .  
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10.3 Effect o f  Buffers 
Approximately 1.0 g o f  c e l l s  were suspended i n  10 mL of 20 mM 
TRIS, pH 7.0 and t h e  ce1 1s were sonicated and ce1 1 debr i s  removed as 
described i n  4.1 o f  t h i s  chapter. A l i quo t s  o f  the p r o t e i n  supernatant 
(300 pL) were d i  1 u ted w i t h  1.2 mL o f  t h e  fol lowing bu f f e r s :  
1. 25 rnM h i s t i d i n e ,  pH 6.6, 
2. 25 mM imidazole, pH 7.0, 
3. 25 mM TRIS, pH 7.0 and 
4. 150 rnM potassium phosphate, pH 6.6. 
As a r esu l  t o f  having sonicated t he  ce11 s i n  TR IS  bu f f e r ,  b u f f e r s  1,2 
and 4 contained a 4 mM T R I S  component. Over t he  course o f  two days the 
p r o t e i n  samples, s to red  a t  4 OC, had 50 p L  a l  i quo t s  rernoved and assayed 
f o r  r es i dua l  g lyoxa lase 1 a c t i v i t y  (1.6 mM hemimercaptal ; 3.0 mi assay 
vo l  urne) . 
10.4 Effect  o f  Glycerol on E. coli Glyoxalase 1 Stabil  i t y  
Approximately 1.7 g o f  cells were suspended i n  10 mL o f  20 mM 
TRIS, pH 7.0 and sonicated and ce11 debr i s  rernoved as d e s c r i  bed i n  4.1 
o f  t h i s  chapter. Protease i n h i b i t o r  (PMSF i n  1 mL o f  acetone, 1 mM f i n a l  
concent ra t ion)  was added t o  the supernatant and 100 pL a l  i q u o t s  were 
d i  1 uted t o  1.0 mL w i  t h  various g lyce ro l  concentrat ions.  G l  yce ro l  
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concentrat ions o f  O%, 5%, 15%, 25% and 50% were exarnined f o r  e f f e c t s  on 
glyoxalase 1. The e f f e c t  o f  g lycero l  on s t a b i l  i t y  was exarnined over the 
course o f  several days w i t h  storage a t  4 OC. 
10.5 Chemi cal Modi fi ca t i  on Studi es 
10.5.1 Aspartate and Glutamate Residues 
Carboxyl group mod i f i ca t ion  was performed w i  t h  mod i f i ca t i ons  t o  
the  protoco l  descr i  bed by Clarke and Yaguchi (Clarke and Yaguchi , 1985). 
Approximately 155 pg o f  glyoxalase 1 was incubated w i t h  and w i thou t  1- 
ethyl -3- (3-dimethyl ami nopropyl ) carbodi i m i  de (EDC) ( f i n a l  concent ra t ion 
o f  50 mM) i n  a f i n a l  vol  urne o f  1.02 mL conta in ing 100 mM MES, pH 6.0. 
A l  1 incubat ions were performed a t  25 OC. Residual enzyme a c t i v i t y  was 
determined by removing a 10 pL a l iquo t  a t  var ious tirne i n t e r v a l s  and 
rneasuring the r a t e  o f  S-0-1 actoy lg l  u ta th ione format ion (1.6 rnM 
hemimercaptal; f i n a l  assay volume o f  3.0 mL). 
10.5.2 Cysteine 
Approximately 155 pg  o f  glyoxalase 1 was t r e a t e d  w i t h  o r  w i thou t  
20 mM iodoacetamide i n  a f i n a l  volume o f  1.02 mL conta i  n i  ng 100 mM MES, 
pH 6.0. A l l  incubat ions were performed i n  the dark a t  25 O C .  Residual 
g lyoxa l  ase 1 a c t i v i  ty was determined by removing a 10 pL  a l  i q u o t  a t  
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various tirne i n t e r v a l s  and assaying f o r  product format ion (1.6 mM 
hemirnercaptal ; f i  na1 vol urne o f  3.0 mL) . 
10.5.3 Hist id ine 
Approximately 155 pg o f  glyoxalase 1 was t r ea ted  w i t h  
d i e thy l  pyrocarbonate (DEPC; i n ethanol ; f i  na1 concent ra t ion 0.6 mM) and 
100 mM MES, pH 6.0 i n  a f i n a l  vo l  urne o f  1.02 rnL. Al 1 incubat ions were 
perfonned a t  25 OC. Residual glyoxalase I a c t i v i  t y  was determined by 
rernoving 10 yL a l i quo t s  a t  var ious t ime i n te r va l s  and assaying f o r  
product format ion (1.6 mM hemimercaptal; f i n a l  volume o f  3.0 ml ) .  
10.6 E f f e c t  o f  Meta1 Salts 
The e f f e c t  o f  metal sa1 t s  inc lud ing  t r a n s i t i o n  metals was 
exami ned. NaCl, NaBr, KC1 and K B r  were examined a t  200 mM (25 mM MOPS , 
pH 7.6). CaC1, and MgCl, were examined at a concentrat ion o f  20 mM (25 
mM MOPS, pH 7.6) . ZnCl,, HgCl,, MnC1, and CoC1, were a l  1 exami ned a t  a 
concentrat ion o f  20 mM (100 rnM MES, pH 6.0). NiC1, was examined a t  200 
FM, 2 mM and 20 rnM i n  100 rnM MES, pH 6.0. Approximately 155 yg  o f  
glyoxalase 1 was incubated w i t h  t he  meta ls  f o r  e i t h e r  5 o r  15 minutes a t  
4 OC. A l i quo t s  (10 pL) were removed and assayed f o r  g lyoxalase 1 
a c t i v i t y  (1.6 mM hemimercaptal; f i n a l  volume o f  3.0 mL). Control  curves 
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to  determine i f  the various metals could cause an increase in A240 were 
generated by incubati ng the various metal s under the aforementioned 
conditions b u t  without the presence of glyoxal ase 1. 
11. Pharmacia Phast Gel Conditions 
11.1 Loading Buffer 
The amount of reagent indicated below i s  for  the preparation of 
100 rnL of loading buffer. 
SDS 1.0 g 
a-Mercaptoethanol 200 pL 
Bromophenol Bl ue 20 mg 
Gl ycerol 40 mL 
0.5 M TRIS, pH 6.8 20 mL 
Mi 11 i -Q Mater 60 mL 
Protein samples were mixed 1: 1 w i t h  loading buffer and boiled for  
a t  1 east 5 minutes a t  100 OC prior  t o  the electrophoreti c r u n .  
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12. Protei n V i  sua1 i zation f o r  Protein Content Deteminati ons 
12.1 Coomassie B r i  11 i an t  B I  ue So l  ution 
Q u a n t i t a t i o n  o f  p ro te i n  was performed us ing the  commercial Dye 
Reagent Concentrate (Bio-Rad Prote in  K i t )  o r  by prepared dye reagent:  
1. Coomassi e B r i  11 i ant  B l  ue G-250 
2. 95% Ethanol 
3. 85% Phosphoric ac i d  
4. D i s t i l l ed -de ion i zed  water 
Coomassie B r i l l i a n t  Blue 6-250 was d isso lved  i n  ethanol and under 
s t i r r i n g  t h e  phosphoric ac id  and water were added. P r i o r  t o  use, t h e  dye 
reagent was f i  1 t e red  through Whatman no. 1 paper. Regul a r  or 
m i  c rop ro te i  n assays were conducted by t h e  method o f  Bradford (Bradford, 
1976). 
12.2 S i  1 ver Stai  n i  ng o f  Proteins i n  Polyacryl ami de Gel s 
Reagents and condi t ions w i  t h  minor rnodi f i  cat ions were based upon 
the  procedure o f  Heukeshoven and Dernick (Heukeshoven and Dernick, 
1988). 
1. 20% Methanol / l O %  acet ic  a c i  d/ 70% M i  11 i -Q water 
(30 min) 
2. 30% Ethanol/lO% acet i  c ac i  di705 M i  1 1 i -Q water 
(15 min) 
3 .  30% Ethanol/lO% acet i  c ac i  d/70% M i  11 i -Q water 
(15 min) 
4. 0.5% Glutaraldehyde and 0.1% sodium t h i o s u l  f a t e  i n  30% 
ethanol/water/ 0.4% sodium acetate, pH 6.0 (15 min) 
5-9. M i l l i - Q w a t e r  (2min)  
10. 20 mg AgNO, p l  us 50 PL formaldehyde i n  200 mL M i  11 i -Q 
water (20 min) 
11. M i l l i - Q  water  (2 min) 
12. 5 g Na,CO, p l  us 80 mL formaldehyde i n  200 mL M i l  1 i-Q water 
13. 10% Acet i  c ac i  d/water (1 min) 
14. 10% Acet ic  acid/lO% glycerol/dO% M i l l i - Q  water 
A l  1 steps i n v o l  v i ng  1 iquids are expressed as per cent 
volume/volurne. Steps i n v o l v i n g  sol i d s  are expressed as the number o f  
grams used or are expressed i n  per cent weight/volume. 
CHAPTER 3 
RESULTS and DISCUSSION 
1. Theory behind Chromatograhic Methods Utilized to Purify E. coli 
Gl yoxal ase 1. 
1.1 Q-Sepharose Fast Flow 
Q-Sepharose Fast Flow r e s i n  can be used i n  a  preparat ive  ion -  
exchange column due t o  i t s  h igh b ind ing  capac i ty  f o r  an ion ic  pro te ins .  
However, t he  b i nd i ng  capaci t y  advantage i s  somewhat o f f s e t  by var iab le .  
bead s izes whi ch resu l  t s  i n  decreased reso l  u t i o n  dur ing p u r i  f i  ca t i on  
(Pharmacia FPLC manual). 
1.2 Mono P 
Mono P conta ins  both t e r t i a r y  and quar ternary  amines which can 
i n t e r a c t  w i t h  a  "Polybuf fer"  t o  generate a 1  i n e a r  pH grad ient .  Proteins 
are e l u ted  from the  column once they experience a  pH equal t o  t h e i r  
i s o e l e c t r i c  po i n t .  By v i r t u e  t h a t  t he  Mono P beads possess t e r t i a r y  
amines. i t can al so be used as an ion-exchange co l  urnn. 
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1.3 Superdex 75 
Gel f i l t r a t i o n  i s  a  technique t h a t  has been i n  existence s ince 
1957 (Porath and Flodin,  1957). Gels cons is t  o f  a cross-1 inked three-  
dimensional network i n  bead form. The pores w i t h i n  the  beads are  o f  
vary ing s izes such t h a t  l a r g e r  mol ecules are  exc l  uded but  mol ecul es 
smal ler  than t h e  pore s i z e  may enter the  pores. Superdex 75 HR 10130 (1 
cm x 10 cm) has a  usefu l  molecular range o f  3  t o  70 kDa. 
1.4 Phenyl-Superose 
Hydrophobic i n t e rac t i ons  increase w i t h  increas ing s a l t  
concentrat ion and sa1 t s  which a i d  i n  p r o t e i n  p r e c i p i  t a t i on ,  i e .  amnoni um 
su1 fa te ,  tend t a  enhance hydrophobic i n t e rac t i ons  t o  the  g rea tes t  ex ten t  
(Scopes, 1987) . 
1.5 Hydroxyapat i t e  
Hydroxyapati t e  i s an i norgani c  c r y s t a l  1  i ne ma t r i  x  (Ca,,(PO,) ,(OH) ,) 
(Scopes, 1987). In te rac t ions  are 1 irni t ed  t o  surface-surface i on i  c 
in te rac t ions .  Research by Bernardi has demonstrated t h a t  p r o t e i  ns are  
adsorped t o  hydroxyapati  t e  a t  1  ow K* concentrat ions and requ i  r e  
increas ing K* concentrat ions i n  order t o  be e lu ted.  Basic p ro te i ns  may 
be e l  u ted by h i gh  K*, C l -  and 1  ow CaC1, concentrat ions (Bernardi e t  a l .  , 
1972) . Acid i  c p ro te i ns  are  not  e l  uted by KC1, NaCl nor CaC1, (Bernardi 
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2.1. Puri f icat ion o f  E.coli Glyoxalase I from MG1655 
Table 16 sumar izes  several d i f f e r e n t  attempts t o  p u r i  f y  
g lyoxa lase 1 from E. coli MG1655, a s t r a i n  t h a t  d i d  no t  conta in  
g lyoxa lase 1 on a mu1 t i copy  plasmid. Th is  "opt imized '  p ro toco l  was used 
t o  determine t h e  amount o f  g lyoxa l  ase 1 t h a t  cou ld  be r e a d i l y  obtained 
from E. coZi based on c o n s t i t u t i v e  chromosomal expression. Based upon 
t h i s  p u r i  f i c a t i o n  pro toco l  , the s p e c i f i c  a c t i v i  t y  o f  E. coli glyoxal  ase 
1 i s  0.012 pmol/min/mg and was obtained i n  a y i e l  d o f  approximately 7% 
a t  s tep 5 o f  t he  p u r i f i c a t i o n  p ro toco l .  Based upon s i l v e r - s t a i n i n g  o f  a 
Phast-Gel Homogenous 20 mini-gel  E.co2i glyoxalase 1 had not been 
p u r i  f i e d  t o  apparent homogenei t y .  However, the  main p rob l  em o f  
p u r i f i c a t i o n  o f  E.co l i  glyoxalase 1 i s  t h e  srna11 q u a n t i t y  o f  g lyoxalase 
1 present i n  t h e  wi ld- type bac te r i a  (step 6).  The 1 ow l e v e l  o f  apparent 
p u r i f i c a t i o n  may i n d i c a t e  t h a t  E. coli glyoxalase 1 i s  unstable a t  a l 1  
stages o f  p u r i f i c a t i o n  as has been descr ibed i n  a p re l im ina ry  r epo r t  by 
Vander Jagt f o r  E. c o l  i K-12 g lyoxa lase 1 p u r i f i c a t i o n  (Vander Jagt, 
1975). Based upon these i n i t i a l  f i n d i n g s  i t  was apparent t h a t  i n  o rder  
t o  study E. c o l  S glyoxalase 1 more thoroughly i t would be necessary t o  
generate a system capable o f  overexpressing E. coli glyoxalase 1. 

2.2 Attempts t o  Overexpress E. coli Glyoxalase 1 
2.2.1 pDMl i n  DHSa 
Due t o  t he  low enzyme product ion f rom w i ld - t ype  E. co2i i t  was 
necessary t o  generate a  m ic rob ia l  system which would be capable o f  
enhanced g lyoxa l  ase 1 product ion.  D r .  E l  i sabe th  Daub spent considerabl  e 
t ime and e f f o r t  i n  attempts t o  generate plasmids conta in ing t h e  
g lyoxa lase 1 gene. A b r i e f  desc r ip t ion  o f  t h e  pro toco l  used t o  generate 
methyl g l yoxa l  o res is tan t  DH5cr i s t he re fo re  presented. E. c o l  i 
chromosornal DNA was p a r t i a l  l y  digested by t h e  r e s t r i c t i o n  enzyme Sau3A I 
t o  generate DNA fragments o f  various s izes.  These fragments were 
f r a c t i o n a t e d  on an agarose gel  and fragments i n  t h e  range o f  2-6 kB were 
i s o l a t e d  and f u r t h e r  p u r i f i e d  using an E l u t i p - d  column. The DNA 
fragments were 1  igated i n t o  the  vector  pBR322 ( the  vector  was 1  i nea r i zed  
w i t h  BamH I and dephosphorylated w i t h  c a l f  i n t e s t i n a l  phosphatase) us ing 
T4 DNA 1 igase and the  p l  asmi ds transformed i n t o  competent DH5a E. col i 
ce1 1  S. The 1 i brary was p l a ted  on LB agar p l a t e s  conta in ing 100 pg/mL 
ampi c i  11 i n and 3 mM methyl gyoxal . Survi v i  ng col on i  es were res t reaked on 
a se r i es  o f  LB agar p l a t es  contain ing inc reas ing  concentrat ions o f  
methy lg lyoxa l  ( O  m .  One plasmid t h a t  was i s o l a t e d  and which conveyed 
methylglyoxal-resistance   MG^) a t  3 mM was ca l  l e d  pDMl (Figure 13). 
Figure  13. pDMl  plasmid cons t ruc t i on ;  g loA = g lyoxa lase 1 and r n t  = 
RNase T. The pBR322 vector i s  del  ineated by the t h i n  b lack  1 i n e  and t h e  
i n s e r t  i s  de l ineated by the th ickened b l a c k  l i n e .  
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Since there are a t  leas t  3 known enzymes capable o f  metabol izing 
rnethylglyoxal i t  was necessary t o  determine whether glyoxalase 1, 
methylglyoxal reductase o r  a-ketoaldehyde dehydrogenase was responsible 
fo r   MG^ i n  the ce1 1 S .  DH5a ce1 1 s containing pDMl were grown i n  LB medium 
(100 mL) contai n i  ng 25 yg/mL ampi ci 11 i n ,  harvested and resuspended i n 
50 mM potassium phosphate, pH 6.6, disrupted by passage through a French 
Press (10 000 psi) and cl a r i f i ed  as described in the Experimental 
section. The crude lysate was treated with streptornycin sulfate,  the 
precipi ta te  removed by centrifugations and a 30%-60% ammonium su l fa te  
fractionation perforrned. The precipi tate was isolated by centrifugation 
and the pellet  resuspended i n  50 mM potassium phosphate, pH 6.6. Assays 
fo r  gl yoxal ase 1, rnethyl gl yoxal reductase and a-ketoal dehyde 
dehydrogenase were performed as described in the Experimental section. 
DH5a ce l l s  conta 
plasmid pKR3 was 
ning on1 y pBR322 served as a negati ve control . The 
generated in a s imilar  rnanner to  pDMl except tha t  t h e  
l ib ra ry  was generated from Solmonella typhimurium. Glyoxalase 1 ac t i v i t y  
was increased substantial l y  compared t o  the enzyme from wi 1 d-type E. 
col i (Table 17; 1 .O  p o l  /mi  n/mg versus 6 . 6 7 ~ 1 0 ~ ~  ymol / m i  n/mg; 150-fol d 
i ncrease over t he  wi 1 d-type). Both methyl glyoxal reductase and a-keto- 
al dehyde dehydrogenase 1 evel s were simi 1 a r  t o  wi 1 d-type 1 evel S .  1 t was 
therefore assumed based upon these resul ts  that the  glyoxalase 1 gene 
was being overexpressed by the presence o f  a mu1 t i copy  p l  asmid 
conta in ing the g lyoxa lase 1 gene. 
Tabl e 17. Gl yoxal ase 1, methyl g lyoxa l  reductase and a-ketoal  dehyde 
dehydrogenase a c t i v i t i e s  i n  pBR322, pDMl and pKR3. 
1 Spec i f i c  A c t i v i t y  (prn~l /min/mg)~ 1 
a. A l  1 values a r e  110%; a l  1 p l  asmids i n  DHSa. 




Several p u r i  f i  ca t ion  schemes were used t o  puri  f y  E. CO 1 i 
glyoxal  ase 1 from DH5a con ta in ing  pDM1. P u r i f i c a t i o n  schemes 1-111 
(Tables 18-20) are e s s e n t i a l l y  i d e n t i c a l  w i t h  the exception of t he  
mater ia l  s used t o  p rec i  p i  t a t e  nucl e i  c acids.  
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The quant i  t y  o f  p r o t e i  n  i so l  ated depended upon t h e  p u r i  fi c a t i o n  pro toco l  
u t i l i z e d  bu t  t y p i c a l l y  va r ied  between 10 pg t o  50 p g  o f  E. coli 
glyoxalase 1 could be i so la ted  per 6 grams o f  DH5a/pDM1 ce1 1  s (1 L o f  
ce1 1  growth) t o  near-hornogeneity. A comparison o f  schemes 1 and II 
(Tables 19 and 20) would seem t o  impl i c a t e  protamine s u l f a t e  as a 
substance which may be capable o f  b ind ing E. coli glyoxa lase 1. I t  i s  
known t h a t  E. co l  i a-ketoal  dehyde dehydrogenase and yeast  
phosphofructoki nase a r e  adsorbed t o  protami ne su1 fa te -nuc l  e i  c ac i  d 
p r e c i  p i  t a t es  (Scopes, 1987) . The speci f i c a c t i  v i  t y  (step 7)  o f  
p u r i f i c a t i o n  scheme 1 (Table 18) i s  3 4 0  6 - f o l d  g rea te r  than i n  Tables 
19 and 20. This may be due t o  t he  presence o f  ~ n "  whi ch we found 1 a t e r  
t o  a c t i v a t e  E. coli g lyoxa l  ase 1 (Table 26). The average l eng th  o f  t ime 
between ce11 growth t o  step 7 f o r  schemes 1-111 (Tables 18-20) was 
approximately 7 days. I n  order  t o  f a c i l  i t a t e  a  more r a p i d  p u r i f i c a t i o n  
o f  E. coli glyoxalase 1 scherne I V  (Table 21) was implemented. A 
reduc t ion  i n  p u r i f i c a t i o n  tirne (3 days) was found us ing  t h i s  protocol  . 
Q-Sepharose Fast Flow has s u f f i  c i en t  b i  nd i  ng capaci t y  t o  handl e  ani  on i  c 
p ro te i ns  and nuc le i c  acids thus e l  im ina t ing  an overn igh t  nucl  e i c  ac i d  
p rec i  p i  t a t i  on step and amon i  um su1 f a t e  step. Use o f  the Q-Sepharose 
Fast Flow resu l  t ed  i n  t he  e l  i rn inat ion o f  considerabl  e quan t i  t i e s  o f  
undesi red prote in .  Simi 1  a r l y ,  a Mono P chromatographic s tep  i s capable 
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o f  handl i n g  greater  quant i  t i e s  o f  p r o t e i n  than t h e  Mono Q column 
(maximum o f  25 mg o f  p ro te in ) .  Superdex 75 was used t o  e l im ina te  
p r o t e i n s  o f  molecular weight less  than o r  greater  than 30 kDa. 
Glyoxalase 1 frorn E. coZi was p u r i f i e d  t o  near-homogenei t y  (~95% by 
Phast-Gel m i  n i  -gel ) . However, t h e  t o t a l  p ro te i n  typ i  ca l  1  y recovered was 
on l y  approximately 25 p g  per  6 g  o f  DH5alpDMl c e l l s  l y sed  (1 L o f  ce11 
growth) . 
A f t e r  s tep  5 o f  p u r i f i c a t i o n  scheme I V  (Table 21), S-octy l -  
g l  u ta th i one  agarose, S-hexyl g l  u ta th ione agarose, hydroxyapati  t e  (HTP 
Econo-Pac) and Phenyl -Superose co l  umns were u t i  1 i zed t o  determi ne i f  
they  cou ld  be used t o  enhance enzyme p u r i t y .  S-Octy lg lutathione 
Sepharose 48 has been success fu l l y  used as a p u r i f i c a t i o n  s tep  o f  rnouse 
1 i v e r  g lyoxa l  ase 1 (Oray and Norton, 1977) whi l  e  S-hexyl g l  u ta th ione  
Sepharose 46 has been used success fu l l y  dur ing the p u r i f i c a t i o n  o f  rat 
1 i v e r  (Marmstal and Mannervi k,  1979). human ery throcyte  (Aronsson e t  
al. , 1979). p i g  e ry th rocy te  (Aronsson and Mannervi k ,  1977) and yeast 
(Marmstal e t  a l .  , 1979) g lyoxa l  ase 1. S-Hexylgl u ta th ione  Sepharose 6B 
has been used dur ing t h e  p u r i f i c a t i o n  o f  r a b b i t  1 i v e r  g lyoxalase 1 
( E l  ango e t  al.,  1978) wh i l  e  S-hexylg lutathione agarose has been used 
dur ing  the  p u r i f i c a t i o n  o f  P. putida glyoxalase I (Rhee e t  0 2 .  , 1986). 
Attempts t o  use S-hexyl g l  utath ione agarose and S-octyl g l  u ta th ione 
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agarose to further purify E. coli glyoxalase I were unsuccessful. No 
enzyme activi ty was recovered when 5 mM or 50 mM GSH i n  50 mM potassium 
phosphate, pH 6.6 were used as el uants (>150 mL o f  el uant was used) . I t  
i s  possible that  E. col i  glyoxalase I forms sufficiently strong 
interactions w i  t h  S-hexyl gl utathione and S-octylgutathione such that i t 
can not be eluted from the columns using GSH. Alternatively, 1 ack of 
ac t iv i ty  may be due t o  denaturation of the enzyme on the columns. 
Nei ther hydroxyapati t e  nor Phenyl -Superose were found t o  be 
acceptable as steps i n  the purification of E. coli glyoxalase 1 under a 
variety of conditions. In order t o  release E. col i glyoxalase 1 from 
these col umns protracted was h i  ng was requi red (typi cal el u t i  on vol mes 
were 10 mL or more). However, hydroxyapatite has been used succesfully 
i n  the purification of sheep l i ve r  glyoxalase I (Uotila and Koisuvalo, 
1975). Unfortunately, the  s imi lar i ty  of E. coli glyoxalase 1 t o  other 
glyoxalase enzymes appears not t o  extend t o  the success of previous 
1 i terature p u r i  f i c a t i  on protocol s fo r  other glyoxal ase enzymes. 
1 O 4  
2.2. l .a  Amino Acid Sequence and bene Sequence o f  E .  coli Glyoxalase I 
A near l y  hornogeneous sample o f  E. col  i glyoxalase 1 which had been 
i so l a ted  from DHSa/pDM1 was subject  t o  e l  ectrophoresis and then 
e l ec t rob lo t t ed  ont0  a PVDF membrane. The band o f  i n t e r e s t  was excised 
f rom the  membrane and underwent N-terminal sequencing a t  the Pharmacia 
Biotechnology cen te r  i n  Toronto, Ontario. The f i r s t  I I  amino acids were 
determined t o  be: 
Sequencing work was peformed by D r .  E l i sabe th  Daub on the  pDMl 
plasrnid and was i n i t i a t e d  from the  former BamH 1 s i t e  i n  pBR322. As a 
r e s u l t  the  f o l l o w i n g  DNA sequence was determined (Figure 14). W i  t h  the 
e l uc i da t i on  o f  t h e  DNA sequence i t  was poss ib le  t o  p r e d i c t  the amino 
ac id  sequence o f  E. coli glyoxalase 1 (Figure 15). A comparison o f  the  
molecular weight f o r  E. co l  i glyoxalase 1 pred ic ted  from the cDNA 
sequence compared t o  t he  mol ecul a r  wei gh t  determi ned by e l  ectrospray 
rnass spectrometry (ESMS) revealed t h a t  the  molecular  weight o f  E. c o l  i 
glyoxalase 1 p red i c ted  from the  cDNA sequence was 12 Da less than t h a t  
determined experimental ly. A re-exami nation o f  the  sequencing gel s 
revealed t h a t  bases coding f o r  60Asn had been misread as 60Thr. The 
dif ference between these two amino acids i s  approximately 12 Da. 
ATG CGT C T T  C T T  CAT ACC ATG CTG CGC GTT GGC G A I  TTG CAA CGC 
TCC ATC GAT TTT T A T  ACC AAA GTG CTG GGC ATG AAA CTG CTG CGT 
ACC AGC GAA AAC CCG GAA TAC AAA TAC TCA CTG GCG T T T  GTT CGT 
TAC GGC CCG GAA ACC GAA G A A  GCG GTG A T T  GAA CTG ACC TAC AAC 
TGG GGC GTG GAT AAA TAC G A A  CTC GGC ACT GCT T k T  GGT CAC ATC 
GCG C T T  AGC GTA GAT AAC GCC GCT GAA GCG TGC GAA AAA ATC CGT 
CAA AAC GGG GGT AAC GTG ACC CGT GAA GCG GGT CCG GTA AAA GGC 
GGT ACT ACG G T T  ATC GCG T T T  GTG GAA GAT CCG GAC GGT TAC AAA 
A T T  GAG T T A  ATC GAA GAG AAA GAC GCC GGT CGC GGT CTG GGC AAC 
TAA 
Figure 14. E. col i glyoxalase 1 DNA sequence. Total  number o f  bases i s  
408 wi th  composition 110 A, 95 C, 115 G and 88 T (Genbank accession 
number U57363). 
1 Met Arg Leu Leu H i s  T h r  Met Leu Arg Val Gly Asp Leu Gln Arg 
16 Ser I l e  Asp Phe Tyr T h r  Lys Val Leu Gly Met Lys Leu Leu Arg 
31 T h r  Ser Glu Asn Phe Glu T y r  Lys Tyr Ser Leu Ala Phe Val Gly 
46 T y r G l y P r o G l u T h r G l u G l u A l a V a l  I t e G l u L e u T h r T y r A s n  
61 T r p G l y V a l A s p L y s T y r G l u L e u G l y T h r A l a T y r G l y H i s I l e  
76 Al a Leu Ser Val Asp Asn Ala Ala Glu Ala Cys Gl u Lys Ile Arg 
91 Gl n Asn Gly Gly Asn Val T h r  Arg Glu Al a Gly Pro Val Lys Gly 
106 Gly T h r  T h r  Val I l e  Ala Phe Val Glu Asp Pro Asp Gly Tyr Lys 
121 I le  Glu Leu I l e  Glu Glu Lys Asp Ala Gly Arg Gly Leu Gly Asn 
Figure 15. Predicted E. colt glyoxal ase 1 amino ac id  sequence f rom DNA 
sequence. 
Ami no aci d composition was performed by Pharmacia B i  otechnol ogy 
center,  Toronto, Ontario on a sample o f  glyoxalase 1 isol ated from 
DHSa/pDMl that  had been electroblotted ont0 a PVDF membrane. A 
comparison of some o f  the amino acids t ha t  would not undergo degradation 
duri ng hydrol ysi s between the predi cted number of resi dues versus ami no 
aci d anal ysi s y i  el ded nearl y i denti cal resul t s  (Tabl e 22) . 
Table 22. Amino acid analysis results fo r  E. col i glyoxalase 1 for  
various residues . 
1 Amino Acid 1 Residues Predicted 1 Amino Acid Anal ysis  
1 H I S  1 2 1 1.8 (2) '  
PRO 
1 VAL 1 10 1 10.6 (11) 
1 LEU 1 13 1 13.3 (13) 
PHE 
a. Values i n  parentheses are rounded to the nearest integer. 
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2.2.1.b Amino acfd Sequence Alignments for Glyoxalase 1 from E. coli, H. 
supiens and P. putidu 
The sequence a l  ignment f o r  E. coli, Homo sapiens (H. sapiens) and 
P. putida i s  found i n  F igure  16. Cornparisons and alignments o f  t h e  
sequences were produced by PC/Gene 6 -85 software. 
The g lyoxa lase genes f rom P. putida and H. sapiens have been 
i sol  ated and the  p r o t e i  n sequences reported (Lu e t  a l .  , 1994). 
Comparison o f  t he  amino a c i d  sequences f o r  g lyoxalase 1 f rom E. coli 
w i t h  t he  amino a c i d  sequences from P. put ida and H. sopiens revealed 4 
regions possessing considerable homolgy: reg ions 3-33, 53-64, 72-91 and 
104-125 (numberi ng sequence based upon E. co l  i sequence) . S t r i  c t l  y 
conserved residues (bol d) comprise approximatel y 22.2% (42 ami no a c i  ds) 
o f  t he  sequence and we l l  -conserved residues (s ta r red )  compri se 
approximately 24.9% (47 arnino acids) o f  the  sequence. 
1. MR-------..--------------------- LLHTMLRVGDLQRS IDFY 20 
2. MS-------- LNDLNTLPGVTAQADPATAQFVFNHTMLRVKDIEKSLDFY 42 
3 MAEPQPPSGGLTDEAALS-CCSDADPSTKDFLLQQTMLRVKDPKKSD 49 
* * ** * 
1. TKVLGMKLLRTSENPEYKYSLAFVGYGPETE-----------O--- E A V I  55 
2 .  TRVLGFKLVDKRDFVEAKFSLYFLALVDPATIPADDDARHQWMKSIPGVL 92 
3 .  TRVLGMTLIQKCDFPIMKFSLYFLAYEDKNDIPKEKDEKIAWALSRKATL 99 
* * * * * *  * ** ** *** 
1. ELTYNWGVDK-0-0- YELGTA----YGHIALSVDNAAEACEKIRQNGGNV 96 
2. ELTHNHGTERDADFAYHHGNTDPRGFGHICVSVPDVVAACERFEALQVPF 142 
3.  ELTHNWGTEDDATQSYHNGNSDPRGFGHIG I A V P D V Y S A C K R F E L V F  149 
* ** * ** * ** *** * *** * 
1. TREAGPVKGGTTVIAFVEDPDGYKIELIEEKDAGRGLGN 135 
2. QKRLS--DGRMNHLAFIKDPDGYWVEVIQP----TPL-- 173 
3 .  VKKPD--DGKMKGLAFIQDPDGYWIEILNPNKMATLM-- 184 
* * * * *  ** * *** * 
Figure 16. Comparison o f  the amino acid sequences of 1. E. coli, 2. P. 
putido and 3.  H. sopiens glyoxalase 1 ( i d e n t i c a l  amino acids a r e  i n  bol  d 
and wel 1 -conserved ami no ac i  ds are marked by "*") . 
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2.2.2 Isolation o f  E. coli Glyoxalase I from ~F502/pDM7 
The r a t i o n a l e  behind using E. col i s t r a i n  DF502 was based on the  
f a c t  t h a t  DF502 i s  d e f i c i e n t  i n  triosephosphate isomerase (TIM) due t o  a 
del  e t i o n  i n  i t s  chromosomnl DNA (Strauss and G i  1 bert ,  1985). It i s known 
t h a t  t h e  product o f  g lyoxalase 1 ca ta lys is  o f  t h e  hemithioacetal o f  MG 
and GSH, S-D-1 actoy l  g l  utathione, can a f f e c t  ce1 1 d i v i s i o n  (Gi 11 espie, 
1975). We hypothesized t h a t  the  presence o f  MG (produced from TIM) 
coup1 ed w i  t h  attempts t o  overexpress E. col i glyoxal  ase I i n  bac te r i  al  
ce1 1s could  r e s u l t  i n  increased S-D-lactoylglutathione leve ls  and t h a t  
t h i  s increase i n  S-D-1 ac toy lg l  utathione may adversely a f f e c t  b a c t e r i a l  
ce11 v i a b i l i t y  i n  some fash ion and a f f e c t  our attempts t o  overexpress E. 
coli glyoxalase 1. 
According t o  D r .  E l  i sabeth Daub's observations, t he  pDM7 p l  asmid 
was extremely unstable i n  E. cali MG1655. Since pDM7 i s  a high copy 
number p l  asmid ( p ~ ~ 7  i s pUC18-based) i t was possi  b l  e t h a t  overexpression 
o f  E. col i glyoxalase 1 coupled w i  t h  MG product ion from T IM was 
dep le t ing  c e l l s  o f  GSH resu l  t i n g  i n  pDM7 i n s t a b i l  i t y  i n  M G 1 6 5 5  
Therefore i f  pDM7 were t o  be t r ans foned  i n t o  a b a c t e r i a l  s t r a i n  
d e f i c i e n t  i n  TIM a reduct ion i n  MG leve ls  may occur and deple t ion o f  GSH 
would no longer  be a considerat ion.  
I I I  
The p l  asmid pDM7 i s  der ived from t h e  pDMl plasmid. The DNA reg ion 
del  ineated by BssH II and BamH 1 r e s t r i c t i o n  endonucleas2 s i  t es  on pDMl 
were removed us ing BssH II and BamH I and the plasmid l i g a t e d  t o  form 
the  pDM6 plasmid. From pDM6, p a r t  o f  t he  plasmid containing t he  DNA 
encoding f o r  E. coli glyoxalase 1 was excised (Eco R I  and BamH I 
r e s t r i c t i o n  s i t e s )  and i so la ted .  S im i la r l y ,  pUC18 was cu t  w i t h  Eco R I  
and 8amH 1 and the  i s o l a t e d  DNA fragment l i g a t e d  i n t o  p K 1 8  t o  generate 
t he  pDM7 p l  asmid. 
Tables 23 and 24 sumar i ze  on ly  some o f  Our many attempts a t  the 
p u r i f i c a t i o n  o f  E. coli glyoxalase 1 from DF502 conta in ing pDM7 (Figures 
17-22). The p u r i f i c a t i o n  protoco ls  are nearly i d e n t i c a l  w i t h  t h e  
previous systems except t h a t  i n  Table 23 (Figures 17-19), Mono P i s  used 
t o  pu r i  f y  E. col i glyoxal  ase 1 by chromatofocusing, whereas i n  Table 24 
(Figures 20-22). Mono P i s used as an ion-exchange step. It i s 
i n t e r e s t i n g  t o  compare t he  s p e c i f i c  a c t i v i t i e s  a t  step 5 f o r  both 
p u r i f i c a t i o n s .  There i s  a greater than 5 - fo ld  increase i n  the  s p e c i f i c  
a c t i v i t y  i n  Table 24 as compared t o  Table 23. A t  step 3 i n  Table 23 
t he re  i s  a SI i g h t  increase i n  s p e c i f i c  a c t i v i  ty and p u r i  f i c a t i o n  whereas 
i n  Table 24 a t  s tep 3 there  i s  a 9- t o  10-fold increase i n  s p e c i f i c  
a c t i v i t y .  These r e s u l t s  may i n d i c a t e  t h a t  chromatofocusing o r  
p repara t i  ve i soel e c t r i  c focus i  ng i s responsi bl e f o r  1 oss o f  enzyme 
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a c t i v i t y .  Perhaps exposing E. co l  i glyoxalase 1 t o  a c i d i c  condi t ions may 
resu l  t i n  p ro tona t ion  o f  residues c r i t i c a l  f o r  metal b ind ing o r  
ca ta l ys i s .  A l  t e r n a t i v e l y ,  1 oss o f  enzyme a c t i v i  t y  may be i n d i c a t i v e  t h a t  
E. coli glyoxalase I i s  suscept ib le t o  denaturat ion a t  pH < 5. 
U t i l i z i n g  t h e  p u r i f i c a t i o n  scheme i n  Table 24 (Figures 20-22) 
generated near l  y hornogenous E. col i glyoxa l  ase 1 (~95% apparent 
homogeneity based upon Phast-Gel resu l  t s )  . DF502/pDM7 represents a 
source f o r  the i s o l a t i o n  o f  m i l l i g ram quant i  t i e s  o f  E. c o l  i glyoxalase 
1. Experirnents p e r t a i n i n g  t o  the physical  charac te r i za t ion  o f  E. coli 
glyoxalase 1 were performed i n  the enzyme i s o l a t e d  from DF502/pDM7. 
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F igu re  17. FPLC chromatogram f o r  Q-Sepharose Fast  F l  ow p u r i  f i  c a t i o n  
scheme I of E. col i g lyoxa lase  1 f rom DF502 c o n t a i n i n g  pDM7. The dashed 
l i n e  represents  the  KC1 s a l t  concent ra t ion  g rad ien t .  A c t i v e  f r a c t i o n s  
( i n d i c a t e d  i n  t h e  r e g i o n  between the  arrows) were col 1 ec ted  and pool ed. 
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Figure 18. FPLC chromatogram f o r  Mono P (chrornatofocusi ng) p u r i f i c a t i o n  
scheme 1 o f  E. d i  glyoxa lase 1 from DF502 con ta in ing  pDM7. The dashed 
1 i ne  represents t he  pH grad ient .  Ac t i ve  f r ac t i ons  ( i nd i ca ted  i n  t he  
reg ion between t h e  arrows) were co l  1 ected and pooled. 
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F igu re  19. FPLC chromatogram f o r  Superdex 75 p u r i f i c a t i o n  scheme 1 o f  E. 
c o l  i glyoxa lase I from DF502 con ta in ing  pDM7. Active f r a c t i o n s  
( i nd i ca ted  i n  t he  reg ion between t h e  arrows) were co l  l e c ted  and pool  ed. 
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Figure 20. FPLC chromatogram f o r  Q-Sepharose Fast F I  ow p u r i  f i  c a t i o n  
scheme II of E. coli glyoxalase 1 from OF502 con ta in ing  pDM7. The dashed 
1 i ne represents  t h e  KC1 sa1 t grad ien t .  Act ive  f r a c t i o n s  (i  nd i  cated i n 
the  r e g i  on between t h e  arrows) were co l  1 ected and pool ed. 
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F i g u r e  21. FPLC chromatogram f o r  Mono P (i on-exchange) p u r i  f i  c a t i  on 
scheme II o f  E. coli g lyoxa lase 1 f rom DF502 con ta in ing  pDM7. The dashed 
1 i ne represents  t h e  KC1 sa1 t c o n c e n t r a t i o n  grad ient .  A c t i v e  f r a c t i o n s  
( i n d i c a t e d  i n  t h e  r e g i o n  between the arrows) were col l e c t e d  and poo l  ed. 
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Figure 22. FPLC chromatogram for Superdex 75 purification scheme I I  o f  
E. coli glyoxalase 1 f rom DF502 containing pDM7. Active fractions 
(indicated i n  the region between the arrows) were col 1 ected and pool ed. 
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2.3 PCR Attempts t o  Overexpress E .  coli Glyoxal ase I 
Attempts t o  overexpress E. col i glyoxalase 1 via polymerase chain 
reaction (PCR) methodology was performed by Gr. El i sabeth Daub. In 
b r i  e f ,  the general experimental procedures were as fol l ows : 
a.  Design primers encoding fo r  the 5' and 3' ends of the E. coli 
glyoxalase I gene t o  be ampl i f i ed  
b .  Thermal cycling t o  promote DNA synthesis 
c. Isolate  DNA of interest  from a low-me1 t agarose gel 
d.  Ch1 oroform/phenol p u r i  f i  ca t i  on and ethanol preci p i  t a t i  on o f  DNA 
a t  -20 O C  
e. C u t  pET22B vector and DNA with appropriate res t r ic t ion  enzymes 
(5': Nde 1; 3': BamH 1) and l iga te  DNA fragment t o  v e c t o r  pET22B 
f .  Purify DNA fragment on agarose 
g .  Transform DH5a cells and plate t o  obtain colonies 
h .  Isolate  p l  asmid DNA from individual transforrnants 
i . Transform i n t o  competent BLZ1 (ADE3) ce1 l s 
j . Grow and i nduce ce1 l s u s i  ng i sopropyl thi  ogl actosi de t o  
determine i f  glyoxalase 1 has been overexpressed 
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Various DNA polymerases were used t o  amplify the DNA encoding for  
E. co l i  glyoxalase 1. No DNA amplification was observed with Vent 
polymerase. Use of Taq polymerase resulted in amplification of t h e  
target DNA b u t  the expressed gene product was unstable and greater than 
75% of enzyme act ivi ty  was lost i n  12 hours. Very l i t t l e  expression of 
the desired gene product was observed when Pfu polymerase was used to  
ampl i fy  the glyoxalase 1 gene f rom E. coli .  Many attempts were made t o  
detect activity i n  the number of possible clones prepared by Dr. Daub, 
b u t  t o  no avail. Since attempts to overexpress E. coli glyoxalase 1 
proved troublesome when PCR was used t o  amplify E. coli glyoxalase 1 D N A  
this  route was abandoned i n  favor of isolating t h e  enzyme from 
DF502/pDM7. 
3. Properties of E. coli Glyoxal ase 1 
3.1 Molecular Weight Determination o f  E. coli Glyoxalase 1 
The molecular weight o f  n a t i v e  E. co l  i glyoxalase 1 was estimated 
from the resul ts of purifications using a Superdex 75 HR 10130 col urnn. 
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Figure 23. Molecul ar weight  de te rm ina t ion  for native E. col i glyoxal ase 
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By comparison of the elution volumes and known molecular weights of 3 
other proteins (h  phage lysozyme, 17.8 kDa; trypsin, 24.0 kOa; bovine 
serum albumin; 68 kDa) with the  elution volume of E. coli glyoxalase 1 
the molecular weight of the nat ive  enzyme was determined to  be 
approxirnately 30 kDa (Figure 23).  Under denaturi ng conditions on a 
homogenous 20 Phast Mini-Gel and by comparison with migration profiles 
for phosphorylase (94 kDa), a l  bumin (68 kDa), oval bumin (43 kDa), 
carbonic anhydrase (30 kDa) , trypsin inhi bi tor (20 kDa) and a- 
l actal bumi n (14.4 kDa) , the predominant band appeared a t  approxirnately 
15 kDa indicating that E. col i glyoxalase 1 i s  an apparent homodimer. 
E l  ectrospray mass spectrometry (ESMS) proved excepti onal 1 y useful 
in determining a more accurate molecular mass for the  subunit of E. col i 
glyoxal ase 1. Under denaturing conditions the molecular weight was 
determined t o  be 14 921 * 3 Da (Figure 24). Based upon th i s  result ,  the 
molecular weight o f  the intact  dimer can be calcul ated t o  be 29 842 Da 
and i s  ful l y  consistent w i  t h  Our previous mol ecul a r  weight studies. 
A number o f  interesting observations were obtained from ESMS 
analysi S .  Init ial  ly i t was bel ieved that the mol ecul a r  weight for the 
subunit was 14 992 Da. However t h i s  value was in disagreement with the 
predi cted molecular mass of the glyoxal ase 1 subunit based upon the cDNA 
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sequence. The va lue o f  14 992 Da was determined f rom a PVDF-membrane 
e l e c t r o b l o t .  Before  t h e  sample was e l e c t r o b l o t t e d  t o  t he  membrane i t was 
r u n  on an SDS-PAGE gel. The e x t e n t  o f  po lymer iza t ion  i n  such a gel may 
be 90% (Ch ia r i  e t  a l .  , 1992) which 1 eaves 10% o f  r e a c t i v e  a c r y l  amide. 
Previous s tud ies  have i n d i c a t e d  t h a t  t h e  su1 f h y d r y l  group o f  cys te ine  i s  
the most 1 i kely s i d e  cha in  t o  be mod i f i ed  by r e s i d u a l  , unreacted 
a c r y l  amide (Chi a r i  e t  a l .  , 1992; D i  rksen and Chambrach, 1992) . 
M o d i f i c a t i o n  o f  cys te ine  adds 7 1  Da pe r  cys te i  ne modi f i e d  (Patterson, 
1994). With respect  t o  E. coli g lyoxa lase 1 t h e r e  appears t o  be one 
cys te ine  pe r  subuni t (F igu re  25) and the re  should be an increase o f  7 1  
Da cornpared t o  unmodi f ied g lyoxa lase 1 and t h i s  was indeed found t o  be 
t h e  case (14 992-14 921 = 7 1  Da). A d i f f e r e n c e  o f  7 1  Da i s  t o o  mal 1 t o  
be detected on a dena tu r ing  ge l  o r  molecular  weight s i e v e  bu t  i s  r e a d i l y  
de tec tah le  by ESMS where accuracy o f  5 Da o r  1 ess i s n o t  uncornmon. Th is  
exarnpl e serves as a caveat  when molecu lar  weight a n a l y s i s  i s  performed 
on a p r o t e i n  sample t h a t  has been exposed t o  an acry lamide g e l .  
Figure 24. Electrospray-mass spectrum o f  t h e  s u b u n i t  o f  E. col i 
g l  yoxal ase 1. 
Figure 25. E l  ectrospray-mass spectrum 
adduct . 
o f  E. col i glyoxal ase 1-acryl amide 
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During one p a r t i c u l a r  p u r i f i c a t i o n ,  ESMS i nd i ca ted  t h a t  t he re  was 
an apparent decrease i n  t h e  molecular weight o f  the  subuni t  a f t e r  the 
Mono P (ion-exchange) p u r i f i c a t i o n  step. A reduct ion f rom 14 921 Da t o  
14 578 Da (Figure 26) had occurred. This was unusual i n  t h a t  no such 
a l  t e r a t i o n  i n  molecular weight had been observed i n  p r i o r  p u r i f i c a t i o n s .  
The most l i k e l y  cause f o r  such a decrease would be due t o  1 i m i t e d  
p r o t e o l y s i  s  o f  the  subuni t. 
There ex i  s t  a t  1 east  12 sol ubl  e cy top l  asmi c and p e r i  p l  asmi c 
endoproteases i n  E. coli (DO, Re, M i ,  Fa, So, La, C i ,  P i ,  protease 1, 
protease II, Deg P and Rec A) (~azdunsk i ,  1989). 60th protease I and 
protease II dernonstrate t r yps in -1  i ke speci f i  c i  t y  (Pacaud and Richard, 
1975; Pacaud, 1978) and i t has been deterrnined t ha t  protease I I  w i  11 
c l  eave t h e  carboxymethyl ated B-chai n o f  po r c i  ne i nsul i n between ~rg ' ' -  
~ l y " .  Glyoxalase 1 f rom E. coli possesses one such p o t e n t i a l  Arg-Gly 
c l  eavage s i  t e  ( ~ r g ' ~ ~ - ~ l y " ~ )  (Figure 15). C l  eavage between these two 
res idues would y i e l  d a subuni t  w i t h  mol ecul a r  mass o f  14 578 Da. Based 
upon t h e  good agreement between t he  t h e o r e t i  cal  and empi r i  ca l  1 y 
determined molecular masses i t  i s  1 i kely t h a t  a b a c t e r i a l  protease was 
respons ib le  f o r  the  t r unca t i on  o f  the  E. coli glyoxa l  ase 1 subuni t .  I t  
i s  i n t e r e s t i n g  t o  note  t h a t  E. coli glyoxalase 1 was f u l l y  a c t i v e  i n  
t h i s  t runca ted  form as determined by the  standard g lyoxa lase 1 assay. 
Figure 26. E l  ectrospray-rnass spectrum o f  t runcated E. col i glyoxal ase 1. 
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Azocoll" consists o f  an azodye attached t o  an insoluble, ground 
collagen rnatrix and i s  used to detect the presence of neutrai and basic 
proteases (Chavira e t  al . ,  1984). Attempts to  use Azocoll" to detect for  
the existence o f  proteases capable of cleaving E. col i glyoxalase 1 in 
crude extracts (ce1 1 lysates) proved unsuccessful . Azocoll" i s n o t  
suitable as a substrate for acidic proteases and i f  the protease 
responsi ble for  cleavage between Arg13'-~ly132 i s  acidic i t will not be 
detected using Azocoll". During a typical glyoxal ase 1 purification, 
cells  would o f ten  be sonicated i n  20 mM T R I S ,  pH 7.0 and 1.0 mM PMSF was 
added to inhibit serine proteases. For the f i r s t  dialysis (af ter  Q- 
Sepharose Fast Flow) another 1.0 mM PMSF was added. To combat further 
problems which may be due to proteolysis, fresh 1.0 rnM PMSF was added 
every 3 hours during the f irst  overnight dialysis. D u r i n g  subsequent 
purification no further proteolysis was noted w i t h  the new regimen. 
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3.2 Ef fect  of Buffers and Glycerol on Stability o f  Glyoxalase 1 f r o m  E. 
col t  
Glyoxalase I from E. c o l i  was found t o  lose  a c t i v i t y  r a p i d l y  i n  a  
number o f  b u f f e r  systems over the  course o f  two days. For a l 1  b u f f e r s  
tes ted g rea te r  than 56% o f  the  i n i t i a l  s p e c i f i c  a c t i v i  t y  was l o s t  du r i ng  
t h i s  t ime  (Figure 27). I n  the  case o f  25 mM h i s t i d i n e  a t  pH 6.6, g r e a t e r  
than 50% o f  t h e  s p e c i f i c  a c t i v i t y  was l o s t  w i t h i n  the f i r s t  hour o f  
i ncuba t ing  glyoxalase 1 w i t h  t h a t  p a r t i c u l a r  bu f f e r .  H i s t i d i n e  i s  a  
known ~i'' che la to r  (Smith e t  a l .  , 1988; L junqu is t  et 0 1 .  , 1989) and 
assuming t h a t  ~ i "  i s  the endogenous metal co fac to r  f o r  E. coli 
glyoxalase 1, may expla in  why h i s t i d i n e  appears t o  r a p i d l y  i n a c t i v a t e  
g lyoxa l  ase I (see be l  ow) . I m i  dazol e i s o f t e n  used t o  hel p e l  u te  p r o t e i  ns 
possessing h i s t i d i n e  tags which are bound t o  ~ i " - c h e l  a t o r  co l  umns 
(Smith e t  a l . ,  1988; Ljunquist  e t  a l . ,  1989). The lower b ind ing a f f i n i t y  
o f  imidazo le  f o r  ~i*' rnay exp la in  why 25 mM imidazole, pH 7.0 
i n a c t i  vated glyoxalase 1 approximately 8 - f o l d  1  ess r a p i d l y  than 
h i s t i d i n e  b u f f e r .  Regardless o f  t he  b u f f e r  tested, 30%-45% o f  the  
i n i t i a l  s p e c i f i c  a c t i v i t y  remained a f t e r  on l y  2 days w i t h  g rea tes t  
s tab i  1  i t y  be i  ng r e a l  i zed i n  20 mM TRIS,  pH 7 .O (Figure 28) . These 
experiments were repeated several tirnes, each t ime con f i  r m i  ng t he  above 
b u f f e r  ef fects .  
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The presence o f  g lycero l  a l s o  had a  pronounced e f f e c t  on s p e c i f i c  
a c t i v i t y  and enzyme 1 i f e t ime .  Even t he  presence o f  as 1  i t t l e  as 5% 
vo l /vo l  caused an increase i n  s p e c i f i c  a c t i v i t y  as wel l  as s t a b i l  i z a t i o n  
o f  the enzyme over a  per iod o f  2 days. The e f f e c t  o f  45% vo l /vo l  
g l yce ro l  compared t o  t h e  con t ro l  was t o  increase s p e c i f i c  a c t i v i  t y  by a 
f a c t o r  o f  approximately 2.0 over t h e  course o f  approximately 9 days 
(Figure 28). Glycero l  i s  a known and commonly used p ro te i n  s t a b i  1  i z a t i o n  
agent and i s  be l  ieved t o  work by simul a t i n g  a  low-water envi  ronment 
(Scopes, 1987) . Glycerol  i s a small  water-sol ubl e mol ecul e capabl e o f  
forming hydrogen bonds w i t h  water thereby increas ing the v i s c o s i t y  o f  
water (25% g l yce ro l  i s  twice as viscous as water and 50% g l yce ro l  i s  6 
t imes as v iscous) (Scopes, 1987). It i s  bel  ieved t h a t  p ro te ins  a r e  1  ess 
able t o  un fo l d  aga ins t  the h i g h l y  s t ruc tu red  g lyce ro l  so l u t i on  than i n  
water (Gekko and Timasheff, 1981) and hence p r o t e i n  s t a b i l  i t y  i s  
maintained. I t  i s  not known whether t he  increase i n  s p e c i f i c  a c t i v i t y  i s  
due t o  t he  p o t e n t i a l  presence o f  t r a c e  quan t i t i e s  o f  metals capable o f  
a c t i v a t i n g  E. coli glyoxalase 1. The greatest  e f f e c t  on enzyme 1 i f e t i m e  
was achieved w i t h  t he  greatest  g l y ce ro l  concentrat ion tested.  Due t o  
FPLC co l  umn pressure l i m i t s  most stages o f  p u r i f i c a t i o n  cou1 d handl e  a  
maximum o f  o n l y  15% vo l /vo l  bu t  a f t e r  enzyme p u r i f i c a t i o n  was complete 
the  enzyme was s tored i n  b u f f e r  con ta in ing  50% vo l /vo l  g l y ce ro l  . 
0 25 mM TRIS, pH 7.0 
i 25 mM Imidazole, pH 7.0 
A 25 mM Histidine, pH 6.6 
r 150 mM Potassium phosphate, pH 6.6 
O 10 20 30 40 50 
Time (hr) 
Figure 27. E f f e c t  o f  various buffers on E. col t  glyoxalase I (PMSF- 
treated crude l y s a t e s )  s tab i l  i t y .  
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Time (hr) 
F i g u r e  28. E f f e c t  o f  0%. 5%. 25% and 45% glycerol on E. col i g lyoxa l  ase 
I a c t i v i t y  (PMSF-treated crude lysates).  
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3.3  pH Stabil i ty and Isoel ectric Point  (PI) o f  E. coli Glyoxalase 1 
A number of i n ves t i ga to rs  have determined that  yeast g lyoxalase 1 
has a broad pH optimum between pH 6-8 (Racker, 1951; Vander Jagt and 
Han, 1973; Jerzykowski e t  a l . ,  1973). In-depth research by Vander Jagt 
and Han demonstrated t h a t  V,, was i nsens i t i ve  t o  pH between pH 4.5-9 bu t  
values increased a t  h i gh  and low pH. They i n te rp re ted  these resu l  t s  
t o  i n d i c a t e  the presence o f  d issoc iab le  groups w i  t h  pK values o f  
approxirnately 5.0 and 8.5. Studies on sheep l i v e r  glyoxalase 1 ind ica ted  
t h a t  t h e  enzyme from t h i s  source also possessed a broad pH optimum (pH 
5.5-7.5) (Uoti 1  a and Koi suval O, 1975) . The enzyme from P. put ida has a 
pH optimum o f  8.0 and a i  pH 5.0 and pH 9.0 the a c t i v i t y  i s  one-half t ha t  
a t  pH 8.0 (Rhee e t  a l . ,  1986). The enzyme from human ery throcytes has a 
pH optimum o f  7.0 but  a c t i v i t y  i s  r e l a t i v e l y  constant between pH 6.5-7.5 
(Aronsson e t  a l . ,  1979). Studies on glyoxalase I from peas i nd i ca ted  
t h a t  t he  pH optimum was achieved a t  pH 7 -5 .  A t  pH 7 .O there was a marked 
i ncrease i n  a c t i v i  t y  and a t  pH 8.0 a  decrease in a c t i v i  t y  was noted 
(Ramaswany et a l .  , 1983) . 
The pH p r o f i l e  f o r  g lyoxalase 1 f rom E. col t  increases r a p i d l y  
a f t e r  pH 5.0 and l e v e l s  ou t  a t  approximately pH 8.0 which may i n d i c a t e  
t h e  presence o f  a  s i n g l e  c r u c i a l  i on i zab le  group (Figure 29). A simple 
ana lys is  of t h i s  p l o t  i nd i ca tes  t h a t  the pK, o f  the amino a c i d  i nvo l  ved 
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w i l l  occur a t  approximately the  mid-point  o f  the curve (approximately pH 
6.0; Figure 29). Th is  would seem t o  suggest the presence of h i s t i d i n e  
b u t  i n a c t i v a t i o n  s tud ies  i n v o l  v ing DEPC d i d  not  resu l  t i n  i n a c t i v a t i o n  
o f  E. coli glyoxalase 1. Perhaps t h e  amino ac id  invo lved  i s  s u f f i c i e n t l y  
perturbed and possesses an a l  te red  pK, value than t h a t  detennined i n  an 
aqueous environment. I n  add i t ion ,  t he  macroscopic pK, seen i n  these 
p l o t s  may no t  s imply  y i e l d  a microscopic pK, o f  a s i n g l e  essen t i a l  
res idue bu t  i t  i s  a composite o f  the  e n t i r e  p ro te i n  pK, values impor tant  
i n  t h e  a c t i v i t y  o f  t h e  enzyme a t  t h i s  pH. This  may then implicate a 
cys te ine  as a c r u c i a l  amino acid. Mod i f i ca t ion  s tud ies  i n v o l  v i ng  
iodoacetamide d i d  n o t  l ead  t o  enzyme i n a c t i v a t i o n  whereas HgC1, led t o  a 
70% decrease i n  a c t i v i t y .  I f  a c r u c i a l  cyste ine i s  i nvo lved  then i t s  
mod i f i ca t i on  i s  dependent upon i t s  surrounding envi ronment . 
An i n t e r e s t i n g  p o i n t  t o  note i s  t h a t  incubat ion o f  g lyoxalase I 
w i  t h  B I C I N E  b u f f e r  between pH 7.81-8.83 and g lyc ine  between pH 8.67- 
10.77 (Figure 30) r e s u l t e d  i n  considerable loss o f  a c t i v i t y  when 
compared t o  pre incubat ing t h e  enzyme w i t h  boric ac id  between pH 8.00- 
10.15. 
F igu re  29. pH profile fo r  E. coli glyoxalase 1 when 50 mM boric a c i d  i s  
used as a b u f f e r  between pH 8.0 t o  10.15. 
Figure 30. pH profile f o r  E. coli glyoxalase 1 when 50 mM B I C I N E  i s  used 
a s  a buffer between pH 7.81 t o  8.83 and 50 mM glycine is used a s  a 
b u f f e r  between pH 8.67 to 10.77. 
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Since the  pH ranges are comparable then the next most l ike ly  cause fo r  
loss o f  ac t iv i ty  could be due t o  glycine and BICINE acting as metal 
chelators  and removing the  metal cofactor believed to  be necessary fo r  
ca ta lys i  S. 
Sampl es tha t  underwent preparative isoel ec t r i c  focusing using 
BioLyte 3-10 had rneasurable ac t iv i ty  covering the pH range 4.15-5.15. 
This resu l t  correlates with what i s  known concerning E. col i  glyoxalase 
1 t o  b i n d  t o  anionic resins such as Q-Sepharose Fast Flow and Mono Q. 
However, further  ref i nement of the i soel ectr i  c point val ue i s requi red. 
A s imi lar  r esu l t  was obtained u t i l i z ing  the Mono P column as an 
isoel  e c t r i c  focusing col umn. Wi t h  Mono P an i soelectr ic  p o i n t  of 
approxirnately 4.0 was obtained. However, extended elution was required 
t o  remove the protein from the column and the p I  value of 4.0 may be l ow  
d u e  t o  possi bl e compl icat ing factors  such as hydrophobic interact ions 
between the enzyme and t h e  resin matrix. A value of 4.7 for  the pI of 
the  protein can be predicted from the amino acid sequence for  E. coli 
g l  yoxal ase 1. This  resul t i s  i n  good agreement w i  t h  those val ues 
determined experimentally from chromatofocusing resul ts .  
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3.4 Effect  o f  Metals on Glyoxalase I f rom E. coli 
Previous s tud ies  on human and yeast  g l yoxa l  ase 1 have ind ica ted  
t h a t  t h e  holoenzymes from both sources contained z i n c  (Aronsson e t  a l . ,  
1978). However, t h e  human enzyme could be ac t i va ted  by 2n2', ~ g " ,  ~ n " ,  
CO', ~i", V2+ and ~ a ~ +  (Davis and Wil l iams, 1966; U o t i l a  and Koivusalo, 
1975; Han e t  a l . ,  1977; Aronsson e t  a l . ,  1978; Vander Jagt  and Topscott, 
1978; Vander Jagt  e t  a l . ,  1980; Sel 1  i n  e t  a l .  , 1983; Sel 1  i n  and 
Mannervi k, 1984). W i  t h  respect t o  methyl gl yoxal as t he  substrate,  t h e  
r e l a t i v e  k,,, o f  t he  human enzyme w i t h  var ious metals d i d  no t  Vary by 
more than a f a c t o r  o f  2 o r  3 (Table 6). 
A number o f  s tud ies  have been performed on mamrnal, yeast  and  
Pseudomonas pu t ida  glyoxalase 1 enzymes w i t h  respect  t o  the  e f f e c t  o f  
metal  s on t he  enzyme from these sources. Work by  Davis and W i l l  iams on 
the e f f e c t  o f  metal s on ca l f -1  i v e r  g lyoxalase I determined tha t  ~ g "  and 
~ n "  (AA,,, o f  0.138 and 0.123, respec t i ve ly  due t o  format ion o f  S-D- 
1 a c t o y l  g l  u t a t h i  one) were more e f f e c t i v e  than ~i*', 2n2, ca2', sr2' and ~ a "  
(AA,,, o f  0.030, 0.030, 0.024, 0.007 and 0.004, r espec t i  ve ly  due t o  
fo rmat ion  o f  S-0-1 ac toy l  -g l  utath ione;  con t ro l  = 0.004) (Davi s  and 
Wi l l iams,  1966). 
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Studies on t he  enzyme from sheep l i v e r  us ing N-2-hydroxyethyl 
p i pe raz i  ne-N-2'-ethane su1 fonate (HEPES), pH 6.8 i ndi  cated t h a t  ~ g ~ '  
res tored f u l l  enzymatic a c t i v i  t y  and t h a t  zn2', ~ n " ,  ~ i "  and ca2' gave 
p a r t i a l  r e a c t i v a t i o n  ( U o t i l  a and Koivusalo, 1975) . However 2nZ' had t h e  
1 owest ha1 f - s a t u r a t i o n  constant (7 PM) whi l e  ~ g ~ '  had the g r e a t e s t  va l  ue 
(2.8 mM) ( U o t i l a  and Koivusalo, 1975). 
Experiments i nvol v i  ng apogl yoxal ase 1 frorn p i  g ery throcytes  
dernonstrated t h a t  a t  2 hour incubations i nvo l v i ng  1 rnM M ~ '  t h a t  ~ g " ,  
~ n " ,  co2' and 2n2' gave 65%, 59%, 62% and 46%. respec t i ve ly ,  a c t i v i  t y  o f  
t he  ho loenzpe  (Aronsson and Mannervik, 1977). However, t he  extent o f  
r e a c t i  va t i on  was both concentrat ion- and time-dependent. Bel ow 0.1 mM 
M" no s i g n i f i c a n t  a c t i v a t i o n  was observed wh i l e  maximal a c t i v a t i o n  was 
achieved o n l y  w i t h  10 rnM ~ g ~ ' .  Meta1 s such as ~ e ~ ' ,  ~ a " ,  caZ' and CU'' d i d  
no t  r e a c t i v a t e  t h e  enzyme (Aronsson and Mannervik. 1977). 
Yeast g lyoxa lase 1 which had been t r ea ted  w i t h  ethylenediamine 
t e t r aace ta te  (EDTA) was capable o f  being p a r t i  a l  ly r e a c t i  vated by ~ g ~ '  
and ca2' and o n l y  s l i g h t l y  ac t iva ted by ~ n " .  Cations such as ~ e ~ ' ,  ~ i "  
and co2' had no e f f e c t  on t he  enzyme a c t i v i t y  and Zn2+ was shown t o  be 
i nhi  b i  t o r y  (Murata e t  a l .  , 1985). 
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Rhee and CO-workers detected no obvi  ous c o n t r i b u t i o n  o f  metal s  t o  
enzyme a c t i v i t y  o f  g lyoxa lase 1 from P. putida. Zinc ions were found t o  
be i n h i b i t o r y  (75% i n h i b i t i o n  a t  0.100 mM and complete i n h i b i t i o n  a t  1.0 
mM) whereas 1.0 mM ~ g " ,  ~ n " ,  ~ a " ,  CU", ~ i ~ '  and ~ g ~ '  d i  d n o t  a f f e c t  
enzyme a c t i v i  t y  (Rhee e t  a l .  , 1986) . 
Our s tud ies  w i t h  metals and glyoxalase 1 from E. d i  i n d i c a t e  
t h a t  ~ i ~ +  i n  100 mM MES, pH 6.0 most e f f e c t i v e l y  a c t i v a t e d  t he  enzyme 
(Table 25). W i  t h  respec t  t o  t he  enzyme con t ro l  (no metal p r e i  ncubat ion) 
t he  order  o f  e f fec t i veness  o f  a c t i v a t i o n  was MZ',  CO", Ca", ~ n " ,  ~ g ~ ' ,  
con t ro l  , ~ n "  and ~ g " .  The s p e c i f i c  a c t i v i  t i e s  determined f o r  ca l  c i  um 
and magnesium i n v o l  ved preincubat ion o f  the  enzyme i n  25 mM MOPS, pH 
7.6. From the  data concerning pH p r o f i l  e  (Figure 26) exposing t h e  enzyme 
t o  MOPS a t  pH 7.6 appears t o  ac t i va te  t h e  enzyme by 40% more than 
exposing t h e  enzyme t o  MES a t  pH 6.0. If  one app l ies  a  40% c o r r e c t i v e  
f a c t o r  f o r  s p e c i f i c  a c t i v i t y  t o  calcium, the r e s u l t  would then p lace 
ca l  c i  um behi nd manganese i n  terms o f  vel  oc i  t y  enhancement. Appl y i  ng a 
c o r r e c t i v e  f a c t o r  t o  rnagnesium would p lace t h i s  metal on t h e  same 
a c t i v i t y  as con t ro l  l e v e l s  i n  a b i l i t y  t o  a c t i v a t e  t h e  enzyme. From 
Tables 25 and 26 i t  can be seen t h a t  the re  i s  an approximate c o r r e l a t i o n  
between a b i l  i t y  t o  a c t i v a t e  E. coli glyoxalase 1 and i o n i c  r ad i us  f o r  
the  var ious metais tested.  The trend i s  t h a t  a c t i v a t i o n  increases w i t h  
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decreasing i o n i c  radius.  Calcium i s  somewhat anomalous s ince i t  
possesses t he  l a r g e s t  i o n i c  rad ius o f  a l 1  metals t e s t e d  and i s  s t i l l  
capabl e  o f  a c t i v a t i  ng t h e  enzyme. 
Nickel  i s  considered t o  be an essen t ia l  t r a c e  element and i s  known 
t o  be present i n  jack  bean urease, some hydrogenases present i n  
rnethanogeni c  bac te r i  a,  aerobi c  hydrogen-oxi d i z i  ng b a c t e r i  a, photo t rop i  c  
bac te r ia  and aerobic n i t r o g e n - f i x i n g  bacter ia .  The metal i s  a l  so present 
i n  some acetogeni c  bac te r i  a and methanogeni c  bac te r i  a and methyl 
reductase from methanogens (Cotton and W i  1  k i  nson, 1982; Hausinger, 
1987). The existence o f  urease has been known s ince 1925 and was t h e  
f i r s t  enzyme t o  be c r y s t a l l i z e d  bu t  t h e  existence o f  t i g h t l y  bound 
n icke l  was no t  discovered u n t i  1 1975 (Cotton and W i  1 k i  nson, 1982) . The 
enzyme catalyzes the  hydro lys is  o f  urea t o  ammonia and bicarbonate and 
the role o f  the  n i cke l  i nd ica tes  i t s  importance i n  ac t i ng  as a Lewis 
ac id  i n  t he  mechanisrn o f  hydro lys is .  
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Table 25. E f f e c t  o f  var ious d i v a l e n t  ca t ions on a c t i v a t i o n  o f  E. c o l  i 
g l  yoxal ase 1. 
I o n i c  Radius 
(Angs trorns) 
Speci f i  c Act i v i  t y  
(pmol /mi n/mg) a 
a. 1.55 pg o f  g lyoxalase I used per  assay r e p l  i ca te ;  b .  metal s and 
enzyme were preincubated i n  100 mM MES, pH 6.0; c. values from Cotton 
and Wilkinson, 1982; d. s p e c i f i c  a c t i v i t i e s  i n  were generated from 5 
minutes o f  metal-enzyme preincubat ion.  Numbers i n  parentheses i n d i c a t e  
15 minutes o f  metal-enzyme preincubat ion;  e. assays were performed i n  
t r i p l  i c a t e .  
Table 26. E f f e c t  o f  var ious metals on a c t i v a t i o n  of E. coZi glyoxalase 
1 200 mM KBr 1 1 50.7 t 6 (46 * 2) 
- -  - 
Meta1 
. 
~ o n e ~  
a. 1.55 pg o f  g lyoxalase 1 used per assay rep l  i ca te ;  b. metal  s and 
enzyme were preincubated i n  25 mM MOPS, pH 7.6; c. values f r o m  Cotton 
and Wilkinson, 1982; d. s p e c i f i c  a c t i v i t i e s  i n  were generated f r o m  5 
minutes o f  metal-enzyme preincubat ion.  Numbers i n  parentheses i n d i c a t e  
15 minutes o f  metal-enzyme preincubation; e .  assays were perforrned i n  
tri p l  i cate.  
Methyl reductase f rom Methanobucterium thermoautotroph icum i s an 
enzyme o f  molecular  weight 300 kDa and cons is ts  o f  3 subuni ts  o f  
mol ecul a r  wei gh t  68 kDa, 45 kDa and 38.5 kDa (Rouvi ere and Wol fe ,  1988) . 
It contains a co fac to r  termed F430 which i s  a te t rahydrocorph in  capable 
I o n i c  Radius 
(Angs troms) 
- 
Spec i f i c  A c t i v i t y  
( p o l  /mi nlmg)' 
54.7 2 2.3 (48.9 2 1 . 0 ) ~ ~ ~  
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o f  b i nd i ng  n icke l  (II) ( ~ o u v i  ere and Mol fe, 1988). The i n a c t i v e  form of 
methyl reductase contains P l i Z '  whereas t h e  a c t i v e  form conta ins  Ni'. 
Reduction o f  ~ i "  t o  Ni' requ i res  two p ro te i ns  designated A2 and A3,  
adenosine t r iphosphate  (ATP) and a  source o f  donor e lec t rons  e i t h e r  Hz 
o r  ti tanium ( I I I )  c i t r a t e  (Rouviere and Nol f e ,  1988). N icke l  -conta i  n i  ng 
hydrogenases are  found i n  many bac te r i  um i n c l  ud i  ng E. CO 1 i (Hausi nger, 
1987; Walsh and Orme-Johnson, 1987). The co fac to r  content  o f  these 
hydrogenases a l  so conta ins  i ron-su1 f u r  c l  us te r s  and sometimes FAD. The 
n i cke l  s i t e  may be i n  t he  form o f  n i cke l  t e t r a t h i o l a t e  i n  a  d i s t o r t e d  
te t ragona l  a r ray  and t he  n i c k e l  may be invo lved  i n  H, b i nd i ng  and 
f ragmentat ion (Hausinger. 1987; Wal sh and Orme-Johnson, 1987) . Several 
anaerobi c  mi cro-organi  sms a re  capable o f  o x i  d i  z i  ng carbon monoxi de t o  
carbon d i  oxide. Some anaerobi c  acetogens and methanogens possess carbon 
monoxi de dehydrogenases whi ch conta i  n  n i c k e l  (Hausi nger, 1987 ; Wal sh and 
Orme-Johnson, 1987). The co fac to r  content al so i n c l  udes z i n c  and i ron- 
s u l f u r  c l  us ters .  The proposed n i cke l  s i  t e  i s postu la ted t o  be a  mixed 
i r on -n i cke l  c l u s t e r  and t he  n i cke l  i s  be l  i eved  t o  be i n v o l  ved i n  C-C 
bond f o n a t i  on and c l  eavage (Hausi nger, 1987; Wal sh and Orme-Johnson, 
1987). I n  a l 1  these cases, except urease, the n icke l  f unc t i ons  w i t h  
a l  t e r a t i o n  i n  i t s  redox s ta te .  It i s  doub t fu l  whether n i c k e l  i n  
g lyoxa lase 1 a l t e r s  i t s  redox s t a t e  from ~i". It may be t h a t  ~i'' i s  
e i t h e r  a c t i n g  t o  p o l a r i z e  t h e  subst ra te  f o r  isomer izat ion s i r n i l a r  t o  t h e  
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Lewis ac id  r o l e  i t  plays i n  urease o r  the  NI" s imply p lays s o l e l y  a 
s t r u c t u r a l  r o l e  t o  main ta in  glyoxalase 1 n a t i v e  s t ruc tu re .  It i s  a lso 
unknown a t  the present whether another metal such as z i n c  i s  i n  f a c t  
t i g h t l y  bound t o  t h e  a c t i v e  s i t e .  Meta1 ana lys is  o f  t he  p u r i f i e d  p ro te i n  
should a i d  i n  the determinat ion o f  t h i s  p o s s i b i l i t y .  
It i s  be l ieved t h a t  the re  ex i s t s  a n i c k e l - s p e c i f i c  t r anspo r t  
system i n  E. col i. The nik 1  ocus encodes f o r  5 p r o t e i  ns ( N i  kA-Ni kE) 
(Navarro e t  a l . ,  1993). N i  kA i s  the  per ip lasmic  b ind ing  p ro te in ,  N i  kB 
and NikC a re  s i m i l a r  t o  per ip lasmic permeases and NikD and N i  kE contain 




-dependent hydrogenase a c t i v i t i e s .  Excess n i cke l  i n  t he  growth 
was found t o  r e a c t i v a t e  hydrogenase a c t i v i t y  (Navarro e t  a l . ,  
Further work w i l l  have t o  be performed to  see i f  ~ i "  i s  the  
endogenous metal o f  E. coli glyoxalase 1. D r .  E l i sabe th  Daub has 
performed s tud ies  on t he  e f f e c t  on metals on growth o f  E. coli p la ted  
onto  media t h a t  has been t rea ted  w i t h  methylg lyoxal  and has determined 
t h a t  the  presence o f  ~ i ' '  can enhance b a c t e r i a l  su r v i vab i l  i t y  when ~i*' 
i s present. Simi 1 a r  s tud ies invo lv ing  2nZ+ and ~ g "  i nd i ca ted  t h a t  those 
two p a r t i c u l a r  cat ions d i d  not  a id  i n  b a c t e r i a l  s u r v i v a b i l  i t y  i n  the  
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presence of MG. Surprisi ngly 2n2' does not activate the enzyme from E. 
coli in contrast to what has been reported for  glyoxalase I from several 
other organisms. Ei ther Zn2' i s not required for this  particul ar  enzyme 
o r  that 2n2' is  t ightly bound and i s  n o t  released from the enzyme, b u t  
that a second metal, such as ~ i " ,  i s  required for purely structural 
reasons w i t h  the zn2' being required i n  the active s i t e  as previously 
suggested for other glyoxalase enzymes. 
3.5 Metal-Chelation Studies on Glyoxalase 1 from E. co l t  
Studies on glyoxalase I from beef l iver  have determined that 2 mM 
EDTA was suffi cient to compl etely inactivate the enzyme from that 
source. In the sarne study, i t  was found that yeast glyoxalase 1 lost  90% 
o f  i t s  activity when exposed t o  1 mM EDTA for 12 hours o r  was completely 
inactivated i n  10 minutes by 10 mM O-phenanthroline (Nil liams and Davis, 
1966). Work by Murata and CO-workers has demonstrated that  a t  5.0 mM 
EDTA, yeast glyoxalase 1 retained 50% of i t s  activity whereas a t  15.0 mM 
the enzyme was compl etely inhi bi ted (Murata e t  a l .  , 1985). Studies on 
the enzyme from P. putido have indicated that  glyoxalase 1 from that 
source was not affected by the addition of 10 mM EDTA (Rhee e t  a l . ,  
1986) indicating that perhaps t h a t  particul a r  enzyme i s  not a metal 10- 
protein or perhaps implying that i f  a metal i s  present i t must be 
t ightly bound by the enzyme. The effect o f  1.0 rnM EDTA in 25 mM TRIS pH 
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7.8 was s u f f i c i e n t  t o  completely i n a c t i v a t e  the  enzyme from p i g  
ery throcytes (Mannervi k e t  a l . ,  1972). More in-depth s tud ies i n v o l  v ing 
sheep 1 i v e r  g lyoxalase 1 exposed t o  various concentrat ions o f  EDTA, 
e thy leneglyco l  -b i s  (2-arninoethyl ether)-N,N8-tetraacet ic ac i  d (EGTA) , O- 
phenanthrol i ne, a,a '  - d i  p y r i  dy l  and 8-hydroxyquinol i ne i n  e i  t h e r  100 mM 
imidazole, pH 6.8 o r  100 mM HEPES, pH 6.8 i nd i ca ted  t h a t  b u f f e r  choice 
i n  a d d i t i o n  t o  t he  actual  chelator  u t i l i z e d ,  p l a y  an important  r o l e  i n  
the  ex ten t  o f  i n a c t i v a t i o n  of the enzyme (Uo t i l a  and Koisuvalo, 1975). 
For a l  1 metal che la to rs  tes ted the greatest  i n h i b i t i o n  was observed i n  
t h e  presence o f  100 mM imidazole, pH 6.8. 
There was a profound d i f ference i n  the  ra tes  o f  EDTA i n a c t i v a t i o n  
o f  E. coli glyoxalase 1 depending upon the  b u f f e r  i n  which t h e  
incuba t ion  was performed. When 1.0 mM EDTA and 50 mM potassium 
phosphate, pH 6.6 were incubated w i t h  the  enzyme, approximately 85% o f  
t h e  a c t i v i t y  was l o s t  w i t h i n  1 minute (Figure 31). When 50 mM MOPS, pH 
7.9 was used as a b u f f e r  w i t h  1 mM EDTA and 1 mM EGTA t h e  r a t e  o f  
i n a c t i v a t i o n  was considerably decreased. Resul ts  w i t h  1 mM EGTA i n  50 mM 
MOPS, pH 7.9 were e s s e n t i a l l y  i den t i ca l  t o  those obtained f o r  1.0 mM 
EDTA (F igure 32). 
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The r a t e  o f  i n a c t i v a t i o n  o f  E. colt  g lyoxa lase  1 f o r  1.0 mM EDTA 
i n  50 mM MOPS, pH 7.9 i s  -0.388 2 0.020 min-' and t h e  constant  o f  
i n a c t i v a t i o n  E. colt glyoxalase 1 f o r  1.0 mM EGTA i n  50 mM MOPS, pH 7.9 
i s  -0.351 k 0.031 min". The pKa values f o r  the f u n c t i o n a l  groups i n  
EDTA a r e  1.99, 2.67, 6.16 and 10.26 (Skoog and West, 1972). For EDTA i n  
50 mM phosphate, pH 6.6 and 50 mM MOPS, pH 7.9 t h e  f i r s t  2 t i t r a t a b l e  
pro tons  a r e  comple te ly  removed whereas t h e  f o u r t h  t i t r a t a b l e  p r o t o n  i s  
protonated.  A t  pH 6.6 t h e  t h i r d  pro ton i s  approximately 73% t i t r a t e d  
whereas a t  pH 7 .9  t h e  t h i r d  pro ton i s  approx imate ly  98% removed. I t  i s  
u n l i k e l y  t h a t  t h e  d i f f e r e n c e  i n  ex ten t  o f  t i t r a t i o n  o f  t h e  t h i r d  p ro ton  
i s  respons ib le  f o r  t h e  dramat ic  d i f f e r e n c e s  i n  t h e  r a t e  o f  i n a c t i v a t i o n .  
Most a l  ka1 i n e  e a r t h  metal  ca t ions  as w e l l  as al 1 t r a n s i t i o n  s t a t e  metal 
c a t i o n s  fo rm i n s o l  ub l  e  p r e c i p i  ta tes  w i  t h  PO,'- (Cotton and Lynch, 1970) 
and i t  may be p o s s i b l e  t h a t  the phosphate b u f f e r  i s  complexing and 
p r e c i p i t a t i n g  t h e  a c t i v e  s i t e  metal o f  E. coli g lyoxa lase 1. 
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F igure  31. I n a c t i v a t i o n  of  E. coli glyoxalase 1 by 1 mM EDTA (m) (50 mM 
potass i  um phosphate. pH 6.6) ; (e) , con t ro l  curve. 
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Figure 32. I n a c t i v a t i o n  o f  E. coli glyoxalase 1 by 1 mM EDTA (m) and 1 
mM EGTA (A) (50 mM MOPS, pH 7.9) ; (@) , control  curve. 
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3.6 K, and V,, Studies  on E. colt Glyoxalase I 
K i n e t i c  s tud ies  on E. c o l i  g lyoxalase 1 were done u t i l i z i n g  the  
hemirnercaptal adduct o f  methyl g lyoxal  and g l  u t a t h i  one. The d i  ssoci a t i  on 
constant o f  t he  hemimercaptal was taken as 3.1 mM (Vince e t  a l .  , 1971; 
Vander Jagt e t  a l .  , 1972). Methylglyoxal and g l  u t a th i one  were 
preincubated f o r  a t  l e a s t  15 minutes be fo re  1 yL o f  enzyme was used t o  
i n i  t i a t e  the reac t ion .  A p l o t  o f  v e l o c i  t y  versus subs t ra te  concent ra t ion 
(Figure 33) shows t h a t  a t  hemimercaptal concent ra t ions o f  less than 0.6 
mM t he  values generated can be described by a hyperbola. A t  
concentrat ions g rea te r  than 1 mM t he  v e l o c i t y  i s  decreasing. This 
s i t u a t i o n  i s  i n d i c a t i v e  o f  substrate i n h i b i t i o n  and can be analyzed 
us i  ng non4  i near regression techniques us ing t he  f o l  1 owi ng equat i  on: 
where V,, and y, are  t he  maximal v e l o c i t y  and Michaelis-Menten constant, 
respect ive ly ,  [SI i s  t he  hemimercaptal subs t ra te  concent ra t ion and Ksi 
i s the  subst ra te  i n h i b i t i o n  constant (Cornish-Bowden, 1979). 
A b e s t - f i t  ana lys is  o f  the data was obtained w i t h  V,, = 0.753 5 
0.033 pmol/min, Y, = 69.1 I7 .6pM and K s i =  5.82 2 1.57 mM. With V,, = 
0.753 pmollmin and 25.2 pmol o f  g lyoxalase 1 being present, k,,, was 
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calculated to be 498 s-' which i s  comparable t o  those reported for  
glyoxal ase 1 enzymes from other sources (Table 27).  The turnover number 
of E. col i glyoxal ase 1 was found t o  be hi gher than marrmal i an or yeast 
glyoxal ase 1 when methylglyoxal and gl utathione hemimercaptal was used 
as the substrate.  The cata ly t ic  efficiency (k,,,/&) varied between 
0.95~10~-8.45~10~ M-'.S-' wi t h  methylglyoxal i n d i  cating tha t  glyoxal ase 1 
from various sources i s  an ef f ic ient  enzyme. 
Non-Michaelian ra te  saturation curves have been observed for  yeast  
(Marmstal e t  al. . 1979). r a t  1 iver (Marmstal e t  al. , 1979), pig 
erythrocytes (Marmstal e t  al., 1979), human erythrocytes (Marmstal e t  
al.  , 1979) and sheep 1 iver (Mannervi k e t  al. , 1972) glyoxal ase 1. 
Glyoxalase 1 from yeast (Marmstal e t  0 2 .  , 1979), r a t  1 iver (Marmstal e t  
al., 1979). p i g  erythrocytes (Marmstal et al . ,  1979) and human 
erythrocytes (Marmstal e t  al. . 1979) al 1 exhi b i  ted apparent non4 i near 
inhibition w i t h  2 mM GSH (Marmstal e t  al. , 1979) . A non-Mi chael ian 
saturation curve was observed for  E. col i glyoxalase 1 (0.15 mM f ree  
GSH) and t h e  f a c t  tha t  non-Mi chael ian saturation ki neti CS are observed 
w i t h  glyoxal ase 1 from a number of sources may be indicative of an as 
yet unknown physiol ogi cal function. 
Substrate (mM) 
Figure 33.  Vel o c i  ty curve versus substrate (MG-GSH hemimercaptal ) f o r  E. 
coli glyoxalase 1. 
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Table 27. Compari son o f  k i n e t i c  parameters f o r  g lyoxal  ase I f r o m  various 
sources. 
1 K i  n e t i  c Parameters 1 
Pig E r y t h r o c y t d  1 120 1 983 
- - - - - - - - - 
Human 
Ery t  hrocyteb 
Rat  Livera  1 140 
a. Reference: Marmstal e t  a l . ,  1979. Assays performed i n  50 mM potassium 
phosphate, pH 7.0, 30 O C ;  b. reference: Han et a l . ,  1976. Assays 
performed in 50 mM potassium phosphate, pH 6.6, 37 OC; c. reference: 
Rhee e t  ol . ,  1986. Assays performed i n  10 mM potassium phosphate, pH 
7.5, 25 O C ;  d. assays performed i n  50 mM potassium phosphate, pH 6.6, 25 
O C ;  e. MG-GSH hemimercaptal used as the substrate. 
3.7 Amino Acid Modification Studies on Glyoxalase 1 
Surpr i  s i  ngl  y  1 i ttl e in fo rmat ion  ex i  s t s  concerni ng ami no ac i  d 
m o d i f i c a t i o n  o f  g lyoxalase 1 from var ious sources. Studies on t he  enzyme 
from yeast  i nvol v i  ng 2.3-butanedi one and phenyl g lyoxal  impl i ca te  
a rg i n i ne  o r  perhaps l y s i n e  may be invo lved  i n  substrate b i nd i ng  
(Schasteen and Reed, 1983; D 'S i lva ,  1986). Further s tud ies  have 
i n d i  cated t h a t  mod i f i ca t i on  o f  cys te ine  1  eads t o  i n a c t i v a t i o n  o f  yeast  
g lyoxa lase I but  t h a t  i n h i b i t i o n  i s  dependent upon t he  p a r t i c u l a r  t h i o l -  
modi f y i  ng reagent used. Treatment w i  t h  N-ethylmal e imi  de p a r t i  a l  1 y  
i n a c t i  vates the  enzyme whereas 4-mercuri benzoate cornpl e t e l  y i nac t i va tes  
t h e  enzyme (Ekwall and Mannervi k, 1970). H i s t i d i n e  may be impor tant  f o r  
yeast  g lyoxalase 1 a c t i v i  t y  but f u r t h e r  s tud ies  are requ i red  (Hal 1 e t  
a l .  , 1976; Jordan e t  ol . ,  1983). Tyrosine mod i f i ca t ion  of yeast  
g l yoxa l  ase 1 using the  reagent t e t r a n i  tromethane (TNM) resu l  t e d  i n  
g rea te r  than 95% i n a c t i v a t i o n  over t he  course o f  60 minutes. P ro tec t ion  
aga ins t  i n a c t i v a t i o n  was a f forded by using the  cornpeti t ive i n h i  b i  t o r  S-  
(p-bromobenzy1)gl u ta th ione  (Carr ington e t  a l .  , 1989) . 
The enzyme from human ery throcytes  i s  bel ieved t o  possess a  
t ryptophan near the  a c t i v e  s i t e  z i n c  (Aronsson e t  a l . ,  1981). This 
enzyme was suscept ib le  t o  i n a c t i v a t i o n  by TNM and a decrease i n  
i n a c t i  va t i on  achi eved by u s i  ng S- (p-bromobenzyl )gl u ta th ione  (Aronsson e t  
Glyoxalase 1 from porc ine erythrocytes was i nac t i va ted  by t h e  
ami no-group modi f y i  ng reagent 1-fl uoro-2.4-di ni trobenzene su1 fonate 
(Mannervi k e t  a l . ,  1975) bu t  was found t o  be i n s e n s i t i v e  t o  t h i o l -  
modi f y i  ng reagents (Mannervi k e t  ol. , 1975) . 
Studies on E. coli glyoxalase 1 using 0.6 mM DEPC ( h i s t i d i n e  
modi f i  c a t i  on) (Figure 34) , 50 mM EDC (carboxyl modi f i  c a t i  on) (F i  gure 
35) y 20 mM iodoacetamide (Figure 36) and HgC1, (Tabl e 26) ( cys te i  ne 
mod i f i ca t i on )  i n d i c a t e  t h a t  EDC mod i f i ca t ion  o f  Asp o r  Glu residues 
c r u c i a l  f o r  enzymatic a c t i v i t y  may be occur ing (Figure 35) and t h a t  the  
r a t e  o f  i n a c t i v a t i o n  i s  -0.99 min-'. Loss o f  a c t i v i t y  may be due t o  
mod i f i ca t i on  o f  carboxyl s c ruc i  a l  f o r  subst ra te  b i  nd i  ng a l  though f u t u r e  
s tud ies us ing S-(p-bromobenzy1)glutathione t o  p ro tec t  the a c t i v e  si  t e  
w i l l  need t o  be performed t o  t e s t  t h i s  hypothesis. 
Cysteine-modi f i  c a t i o n  was dependent upon t h e  reagent used. No 
i n a c t i v a t i o n  was observed using iodoacetamide but a 71% decrease i n  
a c t i v i t y  was observed i n  5 minutes 20 mM HgC1, (Table 25 )  i n d i c a t i n g  
t h a t  t h e  cyste ine may be 1 ocated i n  an an ion i  c environment o r  t h a t  
s t e r i c  e f f e c t s  favor  i n t e r a c t i o n  w i t h  t h e  smal ler  ~g' '  bu t  no t  w i t h  
iodoacetamide. 
Attempts t o  modify h i s t i d i n e  (Figure 34) i nd i ca te  t h a t  e i  ther o f  
the 2 h i s t i d i nes  bel ieved t o  e x i s t  per subunit  are no t  accessible t o  EDC 
o r  are n o t  important f o r  enzyme a c t i v i t y .  
O 5 I O  15 20 25 30 
Time (minutes) 
Figure 34. E f f e c t  o f  0.6 mM DEPC (.)on E. coli g lyoxa lase 1 a c t i  v i  ty; 




Figure 35. E f f e c t  o f  50 rnM EDC (a) on E. col i g lyoxa lase  1 a c t i v i t y ;  
(a), cont ro l  curve. Assays performed i n  50 rnM potassium phosphate, pH 
6.6. 
Time (minutes) 
F igure  36. Effect o f  20 rnM iodoacetamide (U) on E. c o l  i glyoxa lase 1 
a c t i v i t y ;  (a), control curve. Assays performed i n  50 mM potass ium 
phosphate. pH 6.6. 
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4. Conclusions and Future Work 
The most d i f f i c u l t  aspect o f  research on E. colt  glyoxalase 1 l i e s  
i n  t h e  f a c t  t h a t  i t  has an apparent low n a t u r a l  abundance w i t h i n  t h e  
w i l  d- type organism ( l e s s  than  1 pg o f  g l yoxa l  ase 1 p e r  12L o f  ce1 1 
growth) . I n  o r d e r  t o  study E. coli g lyoxa lase 1 an overexpression system 
was r e q u i  red. T h i s  r e q u i  r e d  knowl edge o f  t h e  E. co l  i DNA sequence f o r  
g l y o x a l  ase 1. Once t h e  DNA sequence f o r  E. co l  i glyoxalase 1 had been 
e l u c i d a t e d  i t  was then p o s s i b l e  t o  attempt t o  overexpress E. coli 
g l y o x a l  ase 1. The i n i t i a l  overexpression system cons is ted o f  t h e  E. c o l  i 
g lyoxa l  ase I gene i n s e r t e d  i n t o  a pBR322 v e c t o r  and t h e  r e s u l  t a n t  
p lasmid incopora ted i n t o  DH5a c e l l s .  Atternpts t o  i s o l a t e  E. coli 
g l y o x a l  ase 1 were somewhat successfu l  . Whi 1 e an apparent i ncrease i n  E. 
c o l  i g lyoxa lase 1 was achieved (25 pg per 1 i t r e  of ce11 growth) t h i  s 
quan t i  t y  o f  enzyme was i n s u f f i c i e n t  f o r  ex tens ive  studies.  PCR a t tempts  
t o  overexpress the enzyme were unsuccessful  as t h e  c e l l s  tended t o  
generate l a r g e  q u a n t i t i e s  o f  i n a c t i v e  enzyme o r  very  l i t t l e  express ion 
was observed. Successful  expression o f  m i l  1 i g ram quant i  t i e s  o f  E. col i 
glyoxa l  ase 1 was r e a l  i zed wi  t h  b a c t e r i  a l  s t r a i  n DF502/pDM7 con ta i  n i  ng 
the pDM7 plasmid. The process t o  achieve s u f f i c i e n t  quant i  t i e s  o f  E. 
c o l  i glyoxa l  ase 1 r e q u i  red n e a r l y  3.5 years. 
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Dur ing the  process o f  a t tempt ing t o  p u r i f y  E. col i glyoxalase 1 by 
d i f f e r e n t  p u r i f i c a t i o n  schemes i t was discovered t h a t  sub jec t i  ng t he  
enzyme t o  i soel  e c t r i  c focusi  ng o r  chromatofocusi ng g r e a t l y  reduced 
enzyme a c t i v i  t y  whereas us ing protamine su1 f a t e  o r  streptornyci n su1 f a t e  
t o  remove n u c l e i c  acids a lso  seemed t o  reduce t he  q u a n t i t y  o f  enzyme 
iso la ted.  Wi th  these obstacles i n  mind a p u r i f i c a t i o n  pro toco l  was 
implernented such t h a t  the t ime o f  p u r i f i c a t i o n  was reduced and enzyme 
i nstabi  1 i t y  was dimi n i  shed. W i  t h  t h e  a v a i l  abi 1 i t y  o f  m i  11 igram 
quan t i t i e s  o f  E. coli glyoxalase I i t  was poss ib le  t o  commence bas ic  
biochemical s tud ies  on the enzyme. 
Glyoxalase I from E. co l  i i s  an apparent homodimer w i  t h  a 
mol ecular  weight  o f  approxirnately 30 kDa f o r  t he  i n t a c t  enzyme. 
I s o e l e c t r i c  focusing ind icates  t h a t  the enzyme i s  a c i d i c  w i t h  an 
i s o e l e c t r i c  pH between 4.15-5.0. The pH s t a b i l i t y  p r o f i l e  f o r  E. coli 
glyoxalase 1 increases r a p i d l y  above pH 5.0 and l e v e l s  ou t  a t  
approximately pH 8.0 poss ib ly  i m p l i c a t i n g  a s i n g l e  amino ac id  as c r u c i a l  
f o r  c a t a l y t i c  a c t i v i  t y  o r  subst ra te  b inding.  Amino a c i d  mod i f i ca t i on  
studies impl  i c a t e  t he  importance o f  aspa r t i c  and/or g l  utamic a c i d  
residues f o r  enzyme a c t i v i t y .  Studies wi th metal a c t i v a t i o n  o f  E. c o l  i 
glyoxal  ase 1 i nd i ca ted  t h a t  n i c ke l  (II) was capable o f  a c t i v a t i n g  E. 
c o l  i glyoxa l  ase 1 whi 1 e metal chel a t i o n  experiments demonstrated t h a t  
1 oss o f  a c t i v i  t y  was buffer-dependent . 
Future research on E. coli glyoxalase 1 should i nc l ude  f u r t h e r  
b i  ochemi ca l  cha rac te r i  z a t i  on w i  t h  respect  t o  i n h i  b i  ti on and chemi ca l  
modi f i  c a t i  on s t u d i  es and k i  n e t i  c analyses. I n i t i a l  s t ud i  es have 
i nd i ca ted  t h a t  non-Michaelian k i ne t i c s  are observed above a MG-GSH 
hemimercaptal concent ra t ion o f  0.6 mM. To determine i f  i n h i b i t i o n  i s  due 
t o  t h e  presence o f  f r e e  GSH o r  S-D- lactoylg lutath ione experiments i n  
which t he  f r e e  GSH concent ra t ion i s  va r ied  o r  i n  which va r ious  
concentrat ions o f  S-D- lactoylg lutath ione i s  present  may unequivoca l ly  
determine which substance i s  responsi b l e  f o r  t h e  d e v i a t i  ons from 
M i  chael i s-Menten k i n e t i c s .  Chernical mod i f i ca t i on  s tud ies  w i  t h  o r  w i  thout  
the  presence o f  known glyoxalase 1 i n h i b i t o r s  may a i d  i n  determining 
which amino ac ids  are  necessary f o r  ca ta l ys i s  and subs t ra te  b ind ing.  An 
important  and as-of-yet  unanswered question pe r t a i ns  t o  which metal i s  
endogenous t o  E. coli glyoxalase 1. Meta1 i o n  determinat ion i s  standard 
procedure v i a  atomic absorpt ion but i t would be necessary t o  t r e a t  a l  1 
so lu t ions  used t o  p u r i f y  t he  enzyme w i t h  Chelex t o  remove metal ions i n  
so lu t ion .  A number o f  subs t ra te  and t r a n s i t i o n  s t a t e  i n h i b i  t o r s  o f  
g lyoxalase 1 (from var ious sources) are  known t o  ex i s t .  Tes t ing  o f  these 
compounds aga ins t  E. coli glyoxalase 1 rnay r e s u l t  i n  the d iscovery  o f  
novel a n t i  - bac te r i a l  agents t a r g e t t i n g  the b a c t e r i a l  g l yoxa l  ase 1. 
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Computer modelling may then be used t o  predict and enhance the e f f i c a c y  
o f  known glyoxalase 1 inhibitors. 
Si te-di rected mutagenesi s studi es to generate mutants w i  I l  be 
important t o  determine which amino acids are crucial for  catalysis. 
Since considerable quantities of the enzyme can be isolated, 
crystal 1 ographi c studies can be considered as  bei ng feasi  bl e .  
CHAPTER 4 
A l  ber, T. and Kowasaki, G y  (1982) J. Mol. Appl.  Genet. 1, 419-434. 
Al len,  R.E., Lo, T.W.C. and Thornal ley, P.J. (1993a) J. P r o t e i n  Chem. 
12, 111-119. -
Al len,  R.E..  Lo, T.W.C. and Thorna l ley ,  P.J. (1993b) Biochem. Soc. 
Trans. 2 l ,  535-540. 
Anderson, A. and Cooper, R.A. (1969) FEBS Le t t .  9, 19-20. 
Aronsson, A.-C. and Mannervi k, B. (1977) Biochem. J. 165, 503-509. 
Aronsson , A.-C. ,  Marmstal , E. and Mannervi k, B. (1978) Biochem. Biophys. 
Res. Cornun. , 1235-1240. 
Aronsson, A.-C., T i  bbel i n ,  G. and Mannervi k. B. (1979) Anol.  Biochem. 
92, 390-393. -
Aronsson, A o - C . ,  S e l l i n ,  S . ,  T ibbe l i n ,  G, and Mannervik, B. (1981) 
Biochem. J. 197, 67-75. 
Azar i ,  M.H. and Wiseman, A. (1990) Anal. Biochem. 122, 129-138. 
Babel, W. and Hofmann, K.H. (1981) FEMS Microbiol. L e t t .  i0, 133-136. 
Babul J. (1978) J .  B i o l .  Chem. 253, 4350-4355. 
Bal 1, J .C. and Vander Jagt ,  D. L. (1980) Anal. Biochem. , 472-477. 
168 
Bal 1, J .C. and Vander Jagt ,  D. L. (1981) Biochemistry 20, 899-905. 
Bagster, I .A.  and Parr, C.W. (1975) J. Physio l .  (Lond) 256, 56P-57P. 
Barman, T.E. (1985) i n  Enzyme Handbook, Barman, T.E. (Ed.) Suppl . 1, 
p.441. 
Barnard, J .F and Honek, J .Fm (1989) Biochem. Biophys. Res. Commun. 165, 
118- 124. 
Barnard, J.F., Vander Jagt, D.L. and Honek, J.F. (1994) Biochim. 
Biophys. Acta 1208, 127-135. 
de Beck, C.A. ,  Brug, J. and Walor, J.N. (1957) Nature 179, 706-707. 
Behrers, O.K. (1941) J. B i o l .  Chem. 141, 503-508. 
Bernardi,  G., Givo, M.G. and Ga i l l a rd ,  C. (1972) Biochim. Biophys. Ac to  
278, 409-420. -
Bradford, M D M  (1976) Anal. Biochem. 72,  248-254. 
Brown, C., Douglas, K.T. and Ghobt-Sharif, J D  (1981) J. Chem. Soc. Chem. 
Commun. i8, 944-946. 
Bush, P.E. and Norton, S-J. (1985) J. Med. Chem. 28, 828-830. 
Caccuri, A e M D ,  Risi tano,  A . ,  Marmucchi, F., Venardi, G., Aureli, G., 
Pe t ruze l l  i, R. and Desider i ,  A. (1993) Biochim. Biophys. Ac to  
1202, 157-160. -
Canuto, R.A., Biocca, M.E., Muzio, G., Gariea, R e  and Diazani , M.U. 
(1985) Ce1 1. Biochem. Funct. 3, 3-8. 
Carnegie, P.R. (1963) Biochem. J. 89, 471-478. 
169 
Carrington, S.J. and Douglas, K.T. (1985) IRCS Med. Sc i .  2, 883-884. 
Carr ington, S.J., Fetherbe, D. and Douglas, K.T. (1989) I n t .  J .  Biochem. 
23, 901-908. -
Chari, R.V.J. and Kozarich, J.W. (1983) J. Am. Chem. Soc. 103, 7169- 
7171. 
Chavira, R., Burnet t ,  T.J. and Hagernan, J.H. (1984) Anal. Biochem. 136, 
446-450. 
Chiar i ,  M., R h i g e t t i ,  P.G., Negri ,  A., Cec i l i an i ,  F. and Ronchi, S. 
(1992) E lec t rophores is  u, 882-884. 
Chiu, T-H and Feingold, D.S. (1969) Biochemistry 8, 98-108. 
Clarke, A. J. and Yaguchi, M. (1985) Eur. J. Biochem. 149, 233-238. 
C o l l i e r ,  B.H. (1973) Anal. Biochem. , 310-311. 
Cooper, R.A. and Anderson, A. (1970) FEBS Le t t .  il, 273-276. 
Cooper, R.A. (1974) Eur. J. Biochem. 44, 81-86. 
Cooper, R.A. (1975) Biochem. Soc. Trans. 3, 837-840. 
Corni sh-Bowden, A. (1979) i n  Fundamentals of Enzyme-Kinetics. 
But tersworths,  London. 
Cotton. F.A and Lynch, L.D. (1970) i n  Chemistry An I n v e s t i g a t i v e  
Approach, Cotton, F.A and Lynch, L.D. (Eds.) , pp. 1375-1376, 1385- 
1388. Houghton M i f f l i n  Co., Boston. 
170 
Cotton, F.A. and W i l  kinson, G. (1982) i n  Advanced Ino rgan ic  Chemistry, 
Cotton, F.A and W i l  kinson, G. (Eds.) , pp. 1375-1376. 13854388.  
W i  1 ey-Intersci ence, New York. 
Dakin, H.D. and Dudley, H.W. (1913) J. B i o l .  Chem. o. 155-157. 
Daub, E., Kinach, R., Miederna, D., Barnard, J.F.J.. Clugstron, S.L. and 
Honek, J.F. (1996). Escher i ch ia  c o l  i glyoxa l  ase 1. Genbank 
accessi on number U57363. 
Davis, K.A. and Wi l l iams,  G.R. (1966) Biochim. Biophys. Acta 113, 393- 
395. 
Di azani , M. U. (1985) Chem. -BioZ . I n t e r a c t .  53, 209-217. 
Dirksen, M.L. and Chambrach, A. (1992) Sep. Sci. 7, 744-772. 
Douglas, K.T. and Keysworth, L.T.A. (1994) Med. Sei. Res. 22, 641-642. 
Douglas, K.T., Q u i l t e r ,  A.J., Sh inka i ,  S. and Ueda, K. (1985a) Biochim. 
Biophys. Acta 829, 119-126. 
Douglas, K.T., Gohel, D.I., Nadvi, L N . ,  Q u i l t e r ,  A.J. and Seddon, A.P. 
(1985b) Biochim. Biophys. A c t a  829, 109-118. 
D 'S i l va ,  C .  (1986) FEBS Le t t .  202, 240-244. 
Ekwall , K. and Mannervi k, B. (1970) Archs. Biochem. Biophys. 137, 128- 
132. 
Elango, N., Janaki ,  S .  and Rao. A.R. (1978) Biochem. Biophys. Res. 
Commun. 83, 1388-1395. 
El 1 i o t ,  W.H. (1959) Nature  183, 1051-1052. 
Ellman, G.L. (1959) Arch. Biochem. Biophys. 81, 70-77. 
Entner, N. and Doudoroff, M. (1952) J. B i o l .  Chem. 196, 853-862. 
Freedberg, W.B., K i s t l e r ,  W.S. and L in ,  E.C.C. (1971) J. Boc te r i o l .  108, 
137-144. 
French, F.A. and Freedlander, B. L. (1958) Cancer Res. i.8, 172-175. 
Garcia-Iniquez, L., Powers, L., Chance, B., Sellin, S., Mannervi k ,  B. 
and Mildvan, S. (1984) B iochemis t ry  23, 685-689. 
Gawehn, K. (1985) i n  Methods of Enzymatic Analysis, Th i rd  Ed i t i on ,  
Bergmeyer, H.U. (Ed.), vo l .  V I ,  p. 593-596. VCH Publ ishers,  
Deerf i el d Beach, F I  . 
Gekko, K. and Tirnasheff, S.N. (1981) Biochemistry 20, 4677-4686. 
G i l l esp ie ,  E. (1975) fedn. Proc. 34, 541. 
G r i f f i s ,  C.E.F., Ong, L.H., Buettner, L. and Creighton, D.J. (1983) 
Biochemistry 22, 2945-2951. 
Guha, M. K., Vander Jagt, D. L. and Creighton, D. J. (1988) Biochemistry 
27, 8818-8822. -
Ha l l ,  S.S., Doweyko, A.M. and Jordan, F. (1976) J. Am. Chem. Soc. 98, 
7460-7461. 
Hamil ton, D.S. and Creighton, D. J. (1992) Biochim. Biophys Acta 1159, 
203-208, 
Han, L.-P.B., Davi son, L. and Vander Jagt, D. L. (1976) Biochim. Biophys 
Acta 445, 486-499. 
L 72 
Han, L.-P.B., Schimandle, C., Davison, L M .  and Vander Jagt, D.L. (1977) 
Biochemistry &, 5478-5484. 
Hausinger, R. (1987) M ic rob io l .  Rev. 51, 22-42. 
Hemnerich, P., Massey, V. and Fenner, H. (1977) FEBS Lett. a, 5-21. 
Heukeshoven, J. and Derni ck, R. (1988) E lec t rophores is  9, 28-32. 
H i 1  lman, J.D. and Fraenkel, D.G. (1975) J. Boc te r i o l .  122, 1175-1179. 
Hopkins, F.G. and Morgan, E.J. (1945) Biochem. J. 3, 320-324. 
Hopkins, F.G. and Morgan. E. J .  (1948) Biochem. J. g, 23-27. 
Hopper, D.J. and Cooper, R.A. (1971) FEBS L e t t .  , 213-216. 
Hopper, D.J. and Cooper, R.A. (1972) Biochem. J. 128, 321-329. 
Hsu, Y . R  and Norton, S.J. (1983) J. Med. Chem. , 1784-1785. 
Inoue, Y., Watanabe, K., Shimosaka, M., Saikusa, T., Fukuda, F., Murata, 
K. and Kimura, A (1985) Eur. J. Biochem. 2, 243-247. 
Inoue, Y., Rhee, H.I., Watanabe, K., Murata, K. and Kimura, A .  (1988) 
Eur. 3.  Biochem. 171, 213-218. 
Inoue, Y., Feng, L., Bong-Young, C., Ginya, H., Murata, K. and Kimura, 
A.  (1990) Biotechnol .  Appl .  Biochem. , 341-345. 
Inoue, Y. and Kimura, A. (1992) J. Ferment. Bioeng. 271-276. 
I r a n i ,  M. and Mai t r a ,  P.K. (1974) Biochem. Biophys. Res. C o m n .  56, 
127-133. 
Jensen, K. J. (1995) J. Bac te r i o l .  175, 3401-3407. 
173 
Jeryzkowski , T., Winter, R. and Matuszewski, W. (1973) Biochem. J. 135, 
713-719. 
Jerzykowski, T. .  Winter, R e ,  Matuszewski, W. and Piskura, O. (1978) I n t .  
J. Biochem. 9, 853-860. 
Jordan, F., Cohen, J.F. Wang, C. - T b ,  Wilmott, J .M. and Hal  1, S. S .  (1983) 
Drug Metabol ism Reviews l4, 723-741. 
Kaplan, J-C. and Grossman, L. (1971) i n  Methods of Enzyrnology, Grossrnan, 
L. and Moldave, K. (Eds .) , vol  X X I ,  pp. 249-269. Academic Press, 
New York. 
Kaback, H.R. and Mi lner,  L.S. (1970) Proc. Nat. Acod. Sci. USA 66, 1008- 
1015. 
Kaback, H. R. (1974) Science 186, 882-892. 
Kato, H., Liang, Z.-Q., Nishirnura, T. and Hayase, F. (1988) Agric.  BioZ. 
Chem. 52, 2675-2677. 
Kermack, W.O. and Matheson, N.A. (1957) Biochem. J. 
Kim, N.-S. ,  Umezawa, Y.. Ohmura, S. and Kato, S. (1 
268, 11217-11221. -
Chern. 
Kim,  N A . ,  Sekine, S., Kirnuchi, N. and Sato, K. (1995) J. Biochem. 117, 
359-361. 
King. D.J., Azar i ,  M.R. and Wiseman, A. (1984) Xenobiot ico ï4, 187-206. 
K l  ine,  E.S. and Mahler, H.R. (1965) Ann. NY Acad. Sci .  119, 905-919. 
174 
Kompf, J. ,  Bissbor t ,  S . ,  Gussman, S.  and R i t t e r ,  H. (1975) Humungenetik 
27, 141-143. -
Kozarich, J.W. and Chari, R.V.J. (1982) J. Am. Chem. Soc. 104, 2655- 
2657. 
Kozarich, J . W . ,  Chari, R.V. J. .  Wu, J .Co and Lawrence, J. (1981) J. Am. 
Chem. Soc. 103, 4593-4595. 
Landro, J.A., Brush, E.J. and Kozarich, J.W. (1992) Biochemistry 3l, 
6069-6077. 
Larsen, K., Aronsson, A.-C. ,  Marmstal, E. and Mannervi k ,  B. (1985) Comp. 
Biochem. Physiol .  m, 625. 
Lazdunski , A.M. (1989) FENS Microbiol. Rev. 63, 265-276. 
LeGendre, N. and Matsudaira, P. (1989) i n  A Pract ica l  Guide t o  Protein 
Purification for Microsequencing, Matsudaira, P. (Ed.), pp. 49-69. 
Academic Press, New York. 
L junquist ,  C . ,  B r e i t h o l t z ,  A . ,  Brink-Nilsson, H., M o ~ s ,  T., Uhlen, M. 
and N i  1 sson, B. (1989) Eur. J. Biochem. 186. 563-569. 
Lohmann, K. (1932) Biochem. Z. 254, 332-354. 
Lu, T e 9  Creighton, D.J. Antoine, M., Fenselau, C. and L o v e t t i ,  P.S. 
(1994) Gene 150. 93-96. 
Mannervik, B., Lindstrom, L. and Bar t fa i ,  T. (1972) Eur. J .  Biochem. 29, 
276-281. 
175 
Mannervi k, B., Marmstal , E., Ekwal l  , E. and Gorna-Hall , B. (1975) €or.  
J. Biochem. , 327-333. 
Mannervik, B., Aronsson, A.-C.,  Marmstal, E. and T i b b e l i n ,  G. (1981) 
Meth. Enzynol. 77, 297-301. 
Marmstal , E. and Mannervi k,  B. (1979) Biochim. Biophys. Acto 566, 362- 
370. 
Marmstal , E., Akerlund, A . 4 .  and Mannervi k, B. (1975) Abst r .  FEBS Meet. 
loth, a b s t r .  No. 598. 
Marmstal, E., Aronsson, A.-C. and Mannervi k, (1979) Biochem. J. 183, 23- 
30. 
Meo, T., Douglas, K.T. and R i  jnbeek, A.-M. (1977) Science m, 311-313. 
Meyerhof, 0. (1948) Experentio 4, 169-176. 
Misra, K., Bannerjee, A.B., Ray, S. and Ray, M. (1995) Biochem. J. 30, 
999-1003. 
Monks, T.J., Lau, S.S., Highet ,  R.J. and G i l  l e t t e ,  J.R. (1985) Drug. 
Met. Disp.  13, 533-539. 
Monks, T.J. and Lau, S . S .  (1987) Drug. Met. Disp. i5, 437-441. 
Murata, K., Fukuda, Y., Shimosaka, M., Watanabe, K., Saikusa, T. and 
Kimura, A. (1985a) Appl. Environ. M i c r o b i o l .  50, 1200-1207. 
Murata, K., Fukuda, F., Shimosaka, M., Watanabe, K., Saikusa, T, and 
Kimura, A. (1985b) Eur. J. Biochem. , 631-636. 
176 
Murata, K., Saikusa, T., Watanabe, K., Inoue, Y., Fukuda, Y. ,  Shimosaka, 
M. and Kimura, A. ( 1 9 8 5 ~ )  Agric. B i o l .  Chem. 50, 2381-2383. 
Murata, K., Inoue, Y., Watanabe, K., Fukuda, Y., Saikusa, T., Shimosaka, 
M. and Kimura, A. (1986) Agric. B i o l .  Chem. a, 135-142. 
Murata, K., Saikusa, T., Inoue, Y. and Kimura, A. (1988) J. Ferment. 
Technol . 66, 495-500. 
Navarro, C., Wu, L A .  And Mandrand-Berthelot, M.-A. (1993) Mol. 
M ic rob io l .  9, 1181-1191. 
Neben, 1.. Sahm, H. and Kula, M.-R. (1980) Biochem. Biophys. Acta 614, 
81-91. 
Neuberg, C. (1913) Biochem. 2. , 502-506. 
Neuberg, C. and Gorr, G. (1925) Biochem. Z. 162, 490-495. 
Neuberg, C. and Varce l l  one, A. (1953) Biochem. 2. 279, 140-142. 
Oesch, F. (1980) i n  Enzymotic Basis of Detox i f i ca t ion ,  Jakoby, W.H. 
(Ed.) vo l .  2, p.277. Academic Press, New York. 
Oray, B. and Norton, S. J. (1977) Biochim. Biophys. Acta  483, 203-209. 
Oray. B. and Norton, S. J. (1980) Biochim. Biophys. Acta  611, 168-173. 
Pacaud, M. (1978) Eur. J. Biochem. g, 439-451. 
Pacaud, M. and Richaud. C (1975) J. B i o l .  Chem. 250, 7771-7779. 
Pahel , Ge, Bloom, F.R. and Tyler ,  B. (1979) J. B o c t e r i o l  . m. 653-656. 
Paradin i ,  L., Parg in i  , C., Par01 a, M., Barrera, M. and D i a z i n i  , M.U. 
(1985) Chem. - B i o l .  I n t e r a c t .  53, 209-217. 
Patterson, S.D. (1994) Anal. Biochem. 221, 1-15. 
Pegg, A.E. (1973) Biochem. J. 132, 537-540. 
Pompl i ano, D. L., Peynrnan, A. and Knowl es, J e  R. (1980) Biochemistry 29, 
3186-3194, 
Porath, J. and Flodin,  P. (1957) Nature 83, 16574659. 
Phi1 1 ips ,  S.A. and Thorna l l  ey, P.J. (1992) Eur. J. Biochem. 92, 1436- 
1440. 
P r inc ipa to ,  G.B, Rosi, G., Talesa, V., Giovanni, E. and Norton, S. J. 
(1987a) Enzyme 2, 164-168. 
P r inc ipa to ,  G.B., Rose. G., Talesa, V., Giovannini  , E. and Uo t i l a ,  L. 
(1987b) Biochim. Biophys. Acto 911, 349-355. 
Racker, E. (1951) J. Biol. Chem. 190, 685-696. 
Rae, C., OIDonoghue, I . ,  Bubb, W.A. and Kuchel, P.W. (1994) Biochemistry 
33, 3548-3559. -
Rarnaswany. O., Pal, S . ,  Guha-Mukherjee, S. and Sopory, S.K. (1983) 
Biochem. In t .  2, 307-318. 
Ranganathan, S. and Tew, K.D. (1993) Biochim. Biophys. Acto 1182, 311- 
316. 
Ranganathan, S., Walsh. E.S., Godwin, A.K. and Tew, K.D. (1993) J e  Biol. 
Chem. 268, 56624667. 
Ray, S .  and Ray, M. (1981) J. Biol .  Chem. 256, 6230-6233. 
Ray, S. and Ray, M. (1982) J. Biol. Chem. 257, 1056640577. 
178 
Ray, M. and Ray, S. (1984) Biochem. Biophys. Acto 802, 128-134. 
Ray, M. and Ray, S. (1987) J. Bio l .  Chem. 5974-5977. 
Rhee, H.-I., Murata, K. and Kimura, A.  (1986) Biochem. Biophys. Res. 
Commun. 141, 993-999. 
Rhee, H.I., Watanabe, K.. Murata, K. and Kimura, A. (1987a) Agric. B i o l .  
Chem. 51, 2059-1066. 
Rhee, H.-I., Murata, K. and Kimura, A. (1987b) Biochem. Biophys. Res. 
Commun. 147, 831.838. 
Richards, J. P. (1991) Biochemistry a, 4581-4585. 
Ridderstrom, M., Saccucci, F., Hellman, U.,  Bergman, T., P r inc ipa to ,  G. 
and Mannervi k,  B. (1996) J .  B i o l .  Chem. 271, 319-323. 
Riddle, V .  and Lorez, F.W. (1973) Biochem. Biophys. Res. Commun. 50, 
27-34. 
Rose, I .A.  (1957) Biochim. Biophys. Acto z, 214-215. 
Rose, I.A. (1975) Adv. Enzymol. Relut. Areos Mol. B i o l .  43, 491-517. 
Rouviere, P.E. and Wolfe, R.S. (1988) J. B i o l .  Chem. 263, 7913-7916. 
Sandman, R.P. and M i l l e r ,  O.N. (1958) J. B i o l .  Chem. 230, 361-368. 
Sato, J., Wang, Y.-M. and van Eyre, J. (1980) J. Bio l .  Chem. 256, 2046- 
2050 . 
Schasteen, C . S .  and Reed, D. J .  (1983) Biochim. Biophys. Acta 742, 419- 
425. 
179 
Schimandle, C.M and Vander Jagt, D.L. (1979) Arch. Biochem. Biophys. 
195, 261-268. -
Schuetz, E.G. and Guzelian, P.S. (1984) J. Bio l .  Chem. 259, 2007-2012. 
Schutte, H., Kula, M.-R. and Sahm, H. (1982) Meth. Enzymol. EN, 527-531. 
Scopes, R.K. (1987) i n  Protein Pur i f icat ion Pr inc ip les  and Practices, 
Second Edit ion, Cantor, C.R. (Ed.) . Springer-Ver1 ag, New York. 
Sel 1 in ,  S., Rosevear, P.R., Mannervi k, B. and Mildvan, A.S. (198Za) J. 
Bio Z . Chem. 257, 10023-10029. 
Sel 1 in ,  S., E r i  ksson, L.E.G. and Mannervi k ,  B. (1982b) Biochemistry 2 l ,  
485004857. 
Sel l in ,  S., Eriksson, L.E.G., Aronsson, A.-C. and Mannervik, B.(1983) J .  
Biol. Chem. 258, 2091-2093. 
Sel l in ,  S. and Mannervik, B. (1984) J .  Biol .  Chem. 259, 11426-11429. 
Shinkai, S . ,  Yamashita, S .  and Manabe, 0. (1970) J. Chem. Soc. Chem. 
Commun., 301-302. 
Shinkai, S., Kunitake, T. and Bruice, T.C. (1974) J .  Am. Chem. Soc. 96, 
7140-7141. 
Shinkai, S . ,  Yamashita, S., Kusano, Y. and Manabe, 0. (1981) J. Am. 
Chem. Soc. 103, 2070-2074. 
Skoog, D.A. and West, D.M. (1972) i n  Fundomentals of Ano ly t i co l  
Chemistry, Vondel i ng, J., Smith, P.C. and Kessel r i ng ,  L. (Eds .) , 
p. 283. Saunders College Pub1 ishing,  New York. 
180 
S m i t h ,  M.C., Furman, T.C. Ingo l ia ,  T.D. and Pidgeon, C. (1988) J. Biol. 
Chem. 263, 7211-7215. 
Sridhara, S .  and Wu, T.T. (1969) J. BioZ. Chem. 244, 5233-5238. 
S t a f f o r i n i  , D.M., Kushner, J .P. and Burnham, B. F. (1985) Biochem. 
Bi0ph.p. Act0 839, 191-198. 
Stern, M. (1956) Science 124, 1292-1296. 
Stevens, J., Hayden, P. and Taylor, G. (1986) J. B io l .  Chem. 263, 3325- 
3332. 
S t i  11 , J.  L. (1941) Biochem. J. , 390-391. 
Strauss, D. and G i l be r t ,  W .  (1985) Proc. Nat l .  Acod. Sc i .  û2, 2014-2018. 
Summers, M.C and Rose, I .A.  (1975) J .  Am. Chem. Soc. 99, 4475-4478. 
Sundstrorn, J. (1967) J .  Phys. Chem. , 2318-2325. 
Szent-Gyorgi, A. and Egyund, L. (1967) Proc. Na t l .  Acad. Sci.  USA 57, 
1644- 1650. 
Talesa, V., Rossi, G., Bistoni ,  F., Marconi, P., Norton, S.J. and 
Pr inc ipa to ,  G.6 (1990) Biochem. I n t .  2l, 397-403. 
Taylor ,  D.G., T r u d g i l l  , P.W., Cr ipps, R.E. and Harr is ,  P.R. (1980) J. 
Gen. M ic rob io l .  118, 159-170. 
Thorna l l  ey, P.J. (1995) Cl in. Rev. OncoZogy/Hematology 20, 99-128. 
Tsai, P.-K. and Gracy, R.W. (1976) J .  B io l .  Chem. 251, 364-367. 
Ueda, K., Shinkai, S. and Douglas, K.T. (1984) J. Chem. Soc. Chem. 
Commun. , 371-372. 
181 
U o t i  1 a, L. (1973) Biochemistry g, 3944-3951. 
U o t i l a ,  Le and Koivusalo, M. (1974) J. B io l .  Chem. 249, 7664-7672. 
U o t i l  a, L. and Koisuvalo, M. (1975) Eur. J. Biochem. 52, 493-503. 
Urata, G. and Granick, S. (1963) J. Biol. Chem. 238, 811-820. 
Vander Jagt, D.L. (1975) J. Med. Chem. 18, 1155-1158. 
Vander Jagt, D.L. and Han, L.-P. (1973) Biochemistry 12, 5161-5167. 
Vander Jagt, D L ,  Dean, V.L. and Bal1 , J.C. (1980) Fedn. Proc. 3!, 
1324. 
Vander Jagt, D.L., Han, L.-P.B. and Lehrnan, C.H. (1972) Biochemistry il, 
3735-3740, 
Vander Jagt, D.L., Daub, E., Krohn, J.A. and Han, L.-P.B. (1975) 
Biochemistry i4, 3669-3675. 
Vander Jagt, D.L. and Tapscott ,  R.E. (1978) Fedn. Proc. 37, 827. 
Vince, R., Daluge, S. and Wadd, N.B. (1971) J. Med. Chem. i4, 402-404. 
Wal sh, C. T. and Orme-Johnson, W. H. (1987) Biochemistry 26, 4901-4905. 
Wang, S.-L., Chen, Je-P. and Shen, S . 4 .  (1964) Sc ien t i a  S i n i c a  i3, 167- 
168. 
Weaver, R.H. and Lardy, H.A. (1961) J. Bio l .  Chem. 236, 313-319. 
White, J.S. and Rees, K.R. (1982) Chem.-Biol. I n t e rac t .  3, 339-347. 
Widmann, E. (1929) Biochem. 2. m, 475-478. 
Wieland, T., Pfleiderer, G. and Lau, H.H. (1956) Biochem. Z. 327, 393- 
407. 
L 82 
Wislocki ,  P.G. ,  Miwa, G.T. and Lu, A.Y.M. (1980) i n  Enzymatic Basis o f  
Detox i f i ca t ion ,  Jakoby, W.H. (Ed.) v o l .  1, p.135. Academic Press, 
New York. 
Wiseman, A.  and Woods, F.J. (1979) d .  Chem. Tech. Bi01 tech. , 320-324. 
Woodward, G.E. and Reinhardt,  F.E. (1942) J. Bio l .  Chem. 145, 471-476. 
Woods, L.F.J. and Wiseman, A. (1980) Biochim. Biophys. Acta 613, 52-61. 
X ie ,  X .  and Creighton, D.J. (1991) Biochem. Biophys. Res. Commun. 177, 
252-258. 
Zubay, G. (1988) i n  Biochemistry, Second Edit ion,  Rogers, R.  (Ed.), p .  
272. Macmillan Publ ishing Co., New York 
